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Abstract 
 
The variability in surf-zone phytoplankton community composition together with variability in 
nutrient concentrations was studied at seven beaches along the coast near Port Elizabeth, 
South Africa over a one-year sampling period. The nutrient requirements of selected diatoms 
and dinoflagellates that co-occur at these beaches were studied.  The highest nutrient 
concentrations were recorded at Brighton beach, with phosphate concentration being 
substantially higher than standards set out for both South African and European waters. 
Nitrate, ammonium and silicate concentrations were consistent (low variability) at all beaches. 
The species composition of beaches without surf diatoms was also not variable (except for 
King’s Beach – an artificial beach). Maitland beach was the only beach that could be identified 
as a surf diatom beach due to the presence of Anaulus australis. The surf diatom Anaulus 
australis was found to be a superior competitor compared to all other species tested: the other 
surf diatom Asterionellopsis glacialis, and the dinoflagellates Gonyaulax spinifera, Prorocentrum 
micans, and Scrippsiella trochoidea. Gonyaulax spinifera could possibly outcompete Anaulus 
australis in systems should nitrate become limiting. 
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1. Introduction 
 
Surf diatoms are of great importance to our inshore ecosystems. Beaches where surf 
diatoms occur export biomass to the nearshore, fuel the major nursery areas for fish 
(McLachlan and Lewin, 1981), and act as a buffer between anthropogenic pollution of the 
coast and harmful algal blooms (Clark, 2005). Despite this, the biology of surf diatoms is 
poorly understood and our present knowledge mostly concerns their structure, distribution, 
environment and primary production (e.g. Sloff, 1984, Talbot, 1986, Campbell, 1987, 1996; 
Campbell and Bate, 1997; Du Preez 1996). In order to better understand these organisms, a 
detailed knowledge of their biology and ecophysiology is required. 
 
Diatom accumulations (sometimes incorrectly referred to as blooms) are a characteristic 
feature of surf-zones of exposed beaches with broad, dissipative surf-zones exposed to 
strong wave action and have been recorded from most continents (Campbell, 1996). They 
are absent along short stretches of sandy coastline or pocket beaches and are a typical 
feature of extensive beaches (Campbell and Bate, 1997). These accumulations are mostly 
composed of a single species of the following genera:  Anaulus, Asterionellopsis, Attheya 
and Aulacodiscus (Talbot et al., 1990). The richest accumulations occur during and 
immediately after conditions of high wave energy (Talbot and Bate, 1987b). During calm 
weather, part of the diatom population is removed from the surf-zone and accumulate 
outside the breakers. Onshore winds increase wave energy, thus transporting diatoms back 
to the surf-zone (Sloff et al., 1984).  
 
Although sandy beach surf-zones are normally dominated by one or two species of surf-
diatom, species composition can change (e.g. Lewin, 1974; Du Preez et al., 1989). The 
features which allow certain species to dominate, as well as subsequent changes in species 
composition are poorly understood and should be investigated. The beaches studied by 
Lewin (1974) on the west coast of the United States, for example, have experienced a 
complete dominance shift from one species to another. The causes and dynamics of such 
dominance shifts, or at least the species composition changes should be investigated in 
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order to better understand and predict the implications of perturbations such as sea level 
rise, global warming or coastal pollution for ecosystem function. 
 
Phytoplankton composition is considered as a type of bioindicator because of its rapid 
responses to fluctuations of environmental conditions (Brogueira et al., 2007). The main 
environmental factors that control community structure are physical: mixing of water 
masses, light, temperature, turbulence and salinity; and chemical: nutrients, pollutants 
(Brogueira et al., 2007). Clark’s work (2005) indicated that nutrient loading of surf-zones has 
increased substantially in South Africa since earlier sandy beach studies (e.g. Campbell and 
Bate, 1991). She suggested that surf diatoms protect high energy beaches from harmful 
algal blooms by outcompeting them in these systems. Campbell and Bate (1998) proposed 
that surf diatoms mop up nutrients, even at polluted levels, and so protect coastal waters 
from red tides. This hypothesis remains to be verified experimentally and is an important 
focus point of this study. An understanding of the nutrient metabolism and requirements of 
surf diatoms is a crucial element in understanding their protective role of our coastline. 
Without both in situ and culturing experiments, the role of surf diatoms in protecting our 
coastline from harmful algal blooms remains speculation. In the absence of sufficient 
numbers of dinoflagellates in the surf-zone, surf diatoms and species known to cause 
harmful algal blooms can only be compared in culture so that their nutrient requirements 
can be studied. 
 
McLachlan and Lewin (1981) suggested that, in addition to the nitrogen supplied by rivers, 
deep ocean water, and rainfall, nitrates and phosphates coming from the interstitial system 
of the beach sand are the main source of nutrient input into the surf-zone, but this has since 
been disproved (Campbell and Bate, 1991, 1996, 1998). In a study by Campbell and Bate 
(1998) in the Alexandria dune field, they found that nutrient rich groundwater is discharged 
in pulses from an aquifer into the surf-zone. This gave rise to a pulsing effect of nitrogen 
availability with twice the amount of nitrogen entering the surf-zone during neap tide 
composed to spring tide (Campbell and Bate, 1998). Other nutrient sources may include 
ammonium regenerated by large beach macrofauna populations (McLachlan and Lewin 
1981).  
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Apart from nutrient availability, water qualities such as water temperature, dissolved 
inorganic nitrogen and phosphorus are also major factors that controls the growth of 
phytoplankton and, hence, play an important role in influencing the structure and 
distribution of the phytoplankton community (Mukai 1987). Clark (2005) has shown that the 
quality of surf-zone water is more variable than presumed in the past. The focus of this 
study is on the variability of water quality of surf-zones, both spatially and temporally, and 
includes surf-zones ranging from polluted to pristine.  It was found that Algoa Bay has high 
levels of variability with respect to inshore chlorophyll a concentration (Du Preez, 1996). 
This system is ideal for such studies due to its industrial, harbour, residential, waste 
disposal, Agulhas current and island perturbations (Clark, 2005). 
 
The objectives of this study were: 
 
1. To determine the variability in surf-zone water quality at beaches ranging from polluted 
to pristine. 
 
2. To determine the variability in species composition of the phytoplankton of sandy beach 
surf-zones and correlate this to environmental factors. 
 
3. To compare surf diatom nutrient requirements with that of dinoflagellates that co-occur 
in the surf-zones in order to better understand competition between diatoms and 
dinoflagellates in surf-zone conditions. 
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2. Literature review 
 
2.1. Sandy beach surf-zones of South Africa 
 
Sandy beaches are defined by their sand, wave and tidal regimes (Defeo et al., 2009) and 
characterized by high energy and turbulent surf-zones (McLachlan, 1979). In South Africa, 
the 800 km stretch of coast from False Bay to Algoa Bay is dominated by sandy beaches 
(McLachlan and Lewin, 1981). These are dynamic habitats that are structured mainly by 
physical factors (Defo et al., 2009). In a study by Talbot and Bate (1988b) the reaction of 
Anaulus australis to wave energy strengthened the importance of wave height as the major 
factor responsible for biological processes along sandy beaches. 
 
The south coast of South Africa is a transition zone between cold temperate and warm 
subtropical regions (DWAF, 1995). Summer months are characterized by surface 
temperatures averaging between 20˚C and 21˚C, the formation of thermoclines, and higher 
salinity values (Clark, 2005). Winter months on the other hand are characterized by surface 
temperatures averaging between 16 and 17˚C, a well-mixed water column and lower values 
in salinity (Shannon, 1986; Eagle and Orren, 1985). Upwelling occurs rarely and only when 
easterly winds blow parallel to the coast, bringing nutrient rich water to the surface 
(Shannon, 1986). Onshore winds prevail along the south coast of South Africa (Romer 1981). 
 
High phytoplankton cell concentrations are present along many medium to high energy 
beaches (Talbot et al., 1990). Ideally, these beaches should be wide and flat with extreme 
surf-zones and finer sediments (dissipative) (Defeo et al., 2009), however, not all dissipative 
beaches are wide (Campbell and Bate, 1997).  
 
2.2. Surf diatoms 
 
Phytoplankton accumulations composed predominantly of diatoms are a regular 
appearance in surf-zones of many medium to high energy beaches (Talbot et al., 1990) as 
well as exposed beaches (Campbell and Bate, 1996) with finer sediments (dissipative) 
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(Defeo et al., 2009) and have been recorded from most continents. Surf-zone diatoms are 
not found off reflective beaches, along short stretches of sandy coastline or pocket beaches, 
where there is little surf-zone development (Lewin and Schaefer, 1983; Talbot and Bate, 
1986; Campbell and Bate, 1987; Brown and McLachlan, 1990). These accumulations occur 
throughout the year on the beaches of the Eastern Cape of South Africa.  
 
In the surf-zone, numerous food chains are fuelled by surf-zone diatom populations, which 
subsequently link beaches, surf-zones and parts of the nearshore together to form a single 
and viable beach/surf ecosystem (Talbot et al., 1990). The environmental determinants 
considered important for making a particular beach host to accumulations of surf-zone 
diatoms (Campbell and Bate, 1997) includes wave energy (McLachlan and Lewin, 1981), 
beach topography (McLachlan, 1980; McLachlan and Lewin, 1981) and geomorphology, 
beach sediment, wind and rainfall (Romer, 1981; McLachlan and Lewin, 1981), together with 
a source of nutrients (Lewin and Schaefer, 1983; Talbot et al., 1990). The development of 
these dense phytoplankton assemblages in the surf-zone requires large inputs of inorganic 
nutrients which probably do not come from upwelling, since this phenomenon is scarce or 
absent in the Eastern Cape (McLachlan, 1980). The interaction of abiotic (nutrient fluxes, 
light availability and physical variability) and biotic factors (grazing pressure and 
competition) are known to regulate net phytoplankton primary production (Talbot et al., 
1990). 
 
A dominant feature of surf-zone diatoms is their low species diversity (H’) (Talbot et al., 
1990). All reported occurrences of large accumulations of these diatoms involve only one, or 
at most, two species of the following genera Anaulus, Asterionellopsis, Attheya, or 
Aulacodiscus (Campbell, 1986). These accumulations have been shown to be relatively 
consistent on beaches where they occur. Lewin (1974) showed that they have occurred for 
many decades on Washington beaches, although the dominant form had changed from a 
species of Aulacodiscus before the 1950’s to a species of Attheya subsequently (Lewin, 
1974). These accumulations may however, be highly variable with respect to species 
composition in the short term (Brown and McLachlan, 1990; Campbell, 1987). 
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The richest diatom accumulations occur during and immediately after conditions of high 
wave energy and subsequently disappear from the surf-zone as wave energy decrease 
(Talbot and Bate, 1988b). These diatoms accumulate at the water surface during the day, 
where they are transported and further concentrated by waves and currents (Brown and 
McLachlan, 1990). Long-shore concentrations often occur adjacent to rip currents (Talbot 
and Bate, 1987) and the opposing forces of incoming waves and outgoing rips create a 
bottleneck or eddy effect, where the diatoms accumulate (Talbot and Bate, 1987). On 
dissipative beaches, the diatoms occur in the foam, throughout the water column and in the 
sediments, moving between these phases (Brown and McLachlan, 1990). 
 
During calm weather, much of the diatom population is removed from the surf-zone and 
accumulates behind the breakers (Talbot and Bate, 1988). Onshore winds, which increase 
wave energy and concentrate diatoms against the shore, are thus an important factor 
affecting surf-zone diatom accumulation and productivity (Brown and McLachlan, 1990). 
There is little evidence of seasonality of these accumulations (McLachlan and Lewin, 1981). 
It is important to remember that blooms are seasonal phenomena related to water 
chemistry and temperature, and diatom patches or accumulations discussed here are 
physically controlled and occur throughout the year (Brown and McLachlan, 1990). 
 
Sandy beach surf-zones dominated by surf diatoms have been shown to form a discreet and 
viable ecosystem (Talbot and Bate, 1987a). Surf-zone diatoms have been proposed to fuel 
the major food chains in these ecosystems (McLachlan and Lewin, 1981) through their high 
primary productivity (Campbell and Bate, 1988a). Studies along the Sundays River beach 
(Malan and McLachlan, 1985; Romer, 1986) and the coasts of Oregon and Washington USA 
(Schaefer and Lewin, 1984) emphasized the trophic significance of large populations of surf 
diatoms. Diatoms contribute between 35% and 75% to total primary production in the 
ocean (Nelson et al., 1995), and also tend to dominate new production and export fluxes in 
turbulent, nutrient rich areas (Margalef, 1978). As a consequence of the accumulation 
dynamics of surf diatom populations and of surf circulation patterns, there may be strong 
on/offshore gradients in chlorophyll a and primary production profiles in the waters of surf-
zones that tend towards the dissipative extreme (Le Blanc et al., 2005).  
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The surf diatom Anaulus australis is restricted to a stretch of coastline of approximately 
1 000 km along the South African and Namibian coasts (Talbot et al., 1990) and is the 
dominant phytoplankton species along the 45 km stretch of sandy beach that forms the 
northeast sector of Algoa Bay, South Africa (Sloff et al., 1984). This species is a major 
primary producer within the surf-zone ecosystem (Campbell et al., 1985) and it was 
estimated that Anaulus australis fixes approximately 120 kg C m-1 yr-1 at Sunday’s River 
beach (Campbell and Bate, 1988a). What is most striking about A. australis is the temporal 
variability shown in cell numbers.  It was reported by Sloff (1984) and Sloff et al., (1984) that 
in the inner surf-zone at the Sundays River Beach, A. australis showed both a diel and a day-
to-day variability (Sloff, 1984; Sloff et al., 1984). 
 
Anatomical and physiological studies of A. australis cells have demonstrated that cell 
flotation, division and size, as well as nitrate reductase activity and the appearance of a 
mucous sheath (Du Preez, 1996) show rhythmic changes, with distinct phasing to dawn and 
dusk and with a relatively inactive period in between (Talbot and Bate, 1988a). However, 
demographic studies of A. australis have indicated that floatation by itself is insufficient to 
account for patch formation and there is a need to import cells from the open ocean into 
the inner surf-zone (Talbot and Bate, 1986; Talbot et al., 1990). 
 
These diurnal patches were originally referred to as “blooms” (McLachlan and Lewin, 1981). 
Later, after thoroughly assessing the spatio-chemical distribution of Anaulus australis in the 
surf-zone, Sloff et al., (1984) hypothesized that the high cell numbers were the result of cell 
accumulations by hydrographic forces rather than through rapid cell division or blooming as 
previously believed (Sloff et al., 1984). Longshore currents and rip currents are the two 
dominant advective processes in intermediate energy surf-zones dominated by surf-zone 
diatoms (Sloff et al., 1984). Cell division rate does not provide the increase in numbers 
required for patch formation because at best it contributes only 21% of the observed 
increase in cell numbers during patch formation in the early morning (Talbot and Bate, 
1986). Therefore, the source of cells has to come from within the surf-zone (Talbot and 
Bate, 1986). 
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The absence of obvious senescence provides further evidence that surf-zone diatoms do not 
bloom in the normally accepted sense (Talbot and Bate, 1988b). Once in the surf-zone, surf 
diatoms become dominant over other less abundant species and the cell numbers increase 
to well above those seaward of the surf-zone (Talbot and Bate, 1986). These cell patches are 
not a permanent feature of the surf-zones they occupy (Talbot et al., 1990). Talbot and Bate 
(1988b) identified four major temporal features. The first is a diel periodicity whereby cell 
patches form in the morning and disappears by nightfall. Secondly, mesoscale variability 
comprising a sequence of presence-absence-presence of cell patches. Although no 
seasonality has ever been reported for Anaulus australis (Campbell, 1987), it can be 
regarded as a third temporal feature. No physiological adaptation or adjustment to 
temperature has been found for A. australis (Campbell and Bate, 1988b). The fourth time 
scale is one that has been recorded along the Washington coast and the Sundays River 
Beach. Between 1927 and the 1970’s, observations of populations of surf-zone diatoms 
along the coast of the Olympic Penninsula, Washington have indicated a species change 
from Aulacodiscus kittonii to a co-dominance of Attheya armatum and Asterionellopsis 
socialis (Lewin, 1978). At Sunday’s River beach, Anaulus australis is usually the dominant 
phytoplankton species, but in a study by Du Preez et al. (1989), they found that 
Asterionellopsis glacialis replaced A. australis as the dominant phytoplankton species for a 
period of three weeks during 1985 (Du Preez et al, 1989). However, at several beaches of 
Brazil, Asterionellopsis glacialis regularly forms massive accumulations in the surf-zone (e.g. 
Cassino Beach, Odebrecht et al. 1995). 
 
2.3. Dinoflagellates 
 
Dense blooms of microalgae, or red tides (Jeong et al., 2002) is a common phenomenon 
along the coasts of southern Africa and is caused by a variety of different organisms 
including the dinoflagellates Noctiluca miliaris (Gilchrist, 1914), Peridinium triquetrum (Hart, 
1953), Gymnodinium galatheanum (Braarud, 1957), Prorocentrum spp. (De Jager, 1957), 
Exuwiella baltica (Paredes, 1962) and Gonyaulax polygramma (Grindley and Taylor, 1962). 
These can upset the balance of food webs by causing fin-fish and shellfish mortalities 
(ECOHAB 1995). Although the dinoflagellate, Gonyaulax spinifera, has been recorded off the 
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coast of Namibia (Hart and Currie, 1960), cell numbers were not high enough to cause a red 
tide. Grindley et al. (1968) listed the factors that affect plankton blooms in False Bay as 
being water temperature, wind drift, light, salinity, upwelling and nutrients. 
 
Dinoflagellates usually have a lower nutrient uptake affinity than other groups of microalgae 
in the phytoplankton (Smayda, 1997), which could explain why, under nutrient limiting 
conditions, toxic dinoflagellates are poor competitors compared to diatoms (Yamamoto and 
Tarutani, 1996). Dinoflagellates have low maximum photosynthetic rates and high 
respiration costs and thus they are considered to be slow-growing (Tang, 1995) compared to 
other microalgal species. Even though dinoflagellates appear to have a competitive 
disadvantage under nutrient limitation, they do co-exist with other microalgal groups, and 
even bloom in nutrient-depleted waters (Smayda, 1997). 
 
2.4. Competition between diatoms and dinoflagellates 
 
Butler et al. (1979) hypothesized that microalgal species in the phytoplankton change with 
changing nutrients and that species that are able to utilize the major nutrients present in 
the water become dominant. Thus, interspecific competition along nutrient gradients is 
important in structuring phytoplankton assemblages (Franopulos et al., 2004). This could 
explain microalgal succession in the phytoplankton observed in many areas and also 
potentially challenge the theory of nutrient limiting growth (Morris and McCartney, 1983). 
According to resource-based competition theory (Tilman, 1976), species with a higher 
nutrient affinity for the limiting nutrient, will become dominant. 
 
Marine phytoplankton communities are dominated by either diatoms or flagellates. Diatoms 
need silicate for growth and the non-diatomaceous forms normally do not (Officer and 
Ryther, 1980). Nitrogen and phosphorus are recycled more rapidly in the water column than 
is silicon (Egge and Aksnes, 1992). Thus, along with increased eutrophication in coastal areas 
caused by human activities, N:Si and P:Si nutrient ratios should also increase, thereby 
affecting phytoplankton composition (Fisher et al., 1995). 
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Diatoms have a competitive superiority over other microalgal species in the phytoplankton 
(Egge and Asksnes, 1992) which is in accordance with the review of Furnas (1990), who 
concluded that diatoms have a higher growth potential than other taxa. He reported 
maximum in situ doubling rates between 2 and 4 d-1 have been measured for diatoms, while 
maximum growth rates for other species in phytoplankton assemblages were generally 
below 2.5 d-1 (Furnas, 1990). When the concentration of silicate becomes limiting, however, 
the potential growth cannot be realized (Furnas, 1990). According to Egge and Asksnes 
(1992) diatoms as a group were outcompeted by the flagellates at silicate concentrations 
below a threshold of about 2 µM. The maximum flagellate growth rate, which is assumed 
not to be influenced by silicate concentration, equals the realized diatom growth rate at 2 
µM silicate (Egge and Asksnes, 1992). According to Thomas et al. (1978), diatoms might 
have a better ability to utilize low nitrogenous nutrient levels, thus causing them to outgrow 
other algae. Langdon (1988) believes that a higher photosynthetic capacity due to higher 
chlorophyll content in diatoms can also be responsible for the higher growth rates observed 
in diatoms. 
 
Franopulos et al., (2004) suggested that dinoflagellate species have evolved a possible 
adaptation to counteract the ecological disadvantage of their low nutrient affinity by 
producing a high amount of toxins under nutrient limitation (Franopulos et al., 2004). Toxins 
can deter grazers (Turner and Tester, 1997) by redirecting grazing pressure towards non-
toxic microalgal species that are potential competitors in the phytoplankton (Guisande et 
al., 2002). Franopulos et al., (2004) hypothesised that if toxin production is indeed a 
compensatory strategy used to minimize the competitive disadvantages of dinoflagellates 
under nutrient limitation, cellular toxicity should be higher in species having a low relative 
ability to use low levels of nutrients (Franopulos et al., 2004). In their study on several 
strains of Alexandrium, they found a negative relationship between toxic content per cell 
and phosphorus uptake efficiency, indicating that strains with a higher toxicity were indeed 
poor competitors under phosphate limitation. These findings suggest that toxin production 
could be an alternative strategy to minimize the competitive disadvantages of toxic 
dinoflagellates under phosphorus limitation (Franopulos et al., 2004). 
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2.5. Nutrients in the surf-zone 
 
Possible nutrient sources for surf phytoplankton accumulations have been considered to be 
the sea, rivers, aquifers, beach macrofauna and beach interstitial fauna (McLachlan, 1980, 
Lewin et al., 1979, Lewin et al., 1975, Campbell and Bate, 1991, 1996). 
 
Nutrient inputs in coastal ecosystems are influenced by anthropogenic activity (Gle’ et al., 
2008). Within many sandy beaches, sufficient quantities of inorganic nutrients are 
generated to cause the formation of large phytoplankton accumulations in their surf-zones 
(McLachlan and Lewin, 1981). 
 
A significant relationship exists between beach offshore slope and accumulation occurrence 
(Garver and Lewin, 1981). In order for these accumulations to develop and persist, wave 
induced cellular circulation patterns allow for a certain degree of retention and long 
resistance times of these nutrients in the surf-zone (McLachlan, 1980). In a study by  
McLachlan et al. (1981) they suggested that nutrient recycling as a result of water filtration 
by the beach interstitial system is probably a more important nutrient source on the whole, 
especially where beach macrofauna is poor. This nutrient rich interstitial water then drains 
out of the sand into the surf-zone and once in the surf the nutrients will be carried in rip 
currents where most of the nutrients will be removed by the phytoplankton (McLachlan et 
al., 1981). For this reason, although nutrient supply may be constant and reliable, surf 
nutrient concentrations may never build up to very high levels (McLachlan and Lewin, 1981; 
McLachlan et al., 1981). 
 
Rain may have an impact on this by increasing groundwater seepage and thereby flushing 
more nutrients out of the intertidal interstitial system (McLachlan and Lewin, 1981). In the 
Alexandria dune field, Campbell and Bate (1998) found that nutrient rich groundwater was 
discharged from an unconfined aquifer into the surf-zone. 
 
Nutrient concentrations in coastal waters fluctuate because of variable degrees of 
phytoplankton growth as well as anthropogenic inputs (Mukai, 1987). These inputs are 
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mostly in the form of nitrogen and phosphorus which in turn cause eutrophication and an 
increase in phytoplankton primary production in many coastal areas (Fisher et al., 1995; 
Wang and Dei, 2001). Alteration of these nutrient ratios, such as the decline of Si:N ratios, 
also affects the taxonomic composition of phytoplankton communities (Gle’ et al., 2008). 
 
The elemental composition (C:N:P) of phytoplankton depends on nutrient concentrations 
and light regime (Goldman, 1980). Redfield et al. (1963) reported a constant elemental 
molar ratio of C: N: P = 106: 16: 1 for marine plankton in the open ocean (Burkhardt et al., 
1999). This is called the “Redfield ratio”, and is used in the calculation of carbon fluxes from 
nutrient concentrations (Maier-Reimer, 1996). In a study by Burkhardt and Riebesell (1997), 
the marine diatom Skeletonema costatum showed changes in its elemental composition in 
response to variable CO2 concentrations. Thus, species may differ in their in their 
mechanisms of carbon uptake. This contradicts the popular theory that elemental ratios of 
marine phytoplankton are unaffected by CO2 availability (Burkhardt et al., 1999). Du Preez 
and Campbell (1996) reported that surf diatoms fix more carbon than required for their 
daily cell division (Du Preez and Campbell, 1996).  
 
2.5.1. Nitrogen 
 
Ammonium and nitrate are generally considered to be the most important sources of 
nitrogen for regenerated and new production respectively (Dugdale and Goering, 1967). 
Nitrogen is a major constituent of phototrophic biomass and possibly the primary factor 
limiting microalgal growth rates and population size (Eppley and Peterson, 1979). In 
unpolluted natural waters nitrate is more abundant than ammonium (Boney, 1989). It is 
believed that the rate of nitrate uptake by phytoplankton is inhibited by the presence of 
ammonium, which is can be interpreted as a preference for ammonium by phytoplankton. It 
is believed that nitrate uptake ceases when ammonium reaches a concentration of ca. 1 µM 
(Eppley and Peterson, 1979). However, ammonium does not always inhibit nitrate uptake 
and even when it does, nitrate uptake rarely ceases entirely. It has also been reported that 
nitrate can sometimes inhibit ammonium uptake and that small amounts of ammonium 
may actually stimulate nitrate uptake (Dortch, 1990). Although ammonium, at 
concentrations of 100 to 250 µM, may be inhibitory to some coastal microalgal species in 
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the phytoplankton, most are able to tolerate concentrations as high as 1 000 µM 
(McLachlan, 1973). 
 
Along South African beaches, inorganic nitrogen levels in surf-zone waters have been found 
to average between 0.24 µM and 0.3 µM (McLachlan and Lewin, 1981). Clark (2005) 
observed nitrate levels along the South African coastline to be between 0.02 and 10.2 µM. 
In the eastern North Pacific, studies of nutrient concentration and distribution have shown 
that nitrate, and not phosphate or silicate, is most likely to become depleted in nearshore 
areas (Lewin, 1978) especially in spring when large phytoplankton accumulations occur. 
 
2.5.2. Phosphate 
 
When phytoplankton growth is limited by phosphate, any available phosphate is rapidly 
utilized by the phytoplankton community (Einsele, 1941). Phosphate deficient 
phytoplankton populations can also store large amounts of phosphate in the form of 
polyphosphates (Liss and Langen, 1962). 
 
2.5.3. Silicate 
 
The surface layer of the ocean is largely undersaturated with silicic acid, which could 
consequently be limiting to diatom growth (Le Blanc et al., 2005). The cell walls of diatoms 
are built up from dissolved Si, through biomineralization (Dugdale et al., 1995). 
 
2.6. Phytoplankton culturing 
 
Although natural seawater is a complex medium containing more than fifty known elements 
and a large and variable number of organic compounds, it cannot be used for algal culture 
without the addition of further nutrients, trace metals and vitamins (Harrison and Berges, 
2005). Apart from the fact that there are variations in the quality of natural seawater 
throughout the year, algal yield would simply be too low for culture maintenance or 
laboratory experiments. Therefore nutrient enrichment is normally required and is known as 
culture media. 
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Nitrogen, phosphorus and silicon (silicon is required only by diatoms, silicoflagellates, and 
some chrysophytes) are considered to be macronutrients and are generally required by 
phytoplankton in a ratio of 16N : 16Si : 1P (Parsons et al., 1984). Nitrate and phosphate are 
normally added as NaNO3 and NaPO4·H2O respectively. Ammonium can be used as an 
alternative nitrogen source and may be added as NH4Cl. Silicate is added as Na2SiO3 9H2O. 
Trace metals may consist of stock solutions made up of chloride or sulphate salts of zinc, 
cobalt, manganese, selenium, and nickel, which are kept in a solution containing the 
chelator EDTA. Iron may be added as ferric chloride, ferrous sulphate, or ferrous ammonium 
sulphate. Three vitamins – vitamin B12 (cyanocobalamin), thiamine, and biotin – are added 
to the media, but very few algae need all three (Provasoli and Carlucci, 1974). 
 
Most culture media do not attain the ratio of 16N : 16Si : 1P needed for algal growth and 
several popular media (for example f medium) have N : P ratios >16, which would cause 
phytoplankton to become phosphorus-limited in the senescent phase (Berges et al., 2001). 
The N : P and N : Si ratios in the medium are important in determining which nutrient limits 
growth when the cells become senescent and more attention should be paid to these ratios. 
As nutrients become limiting during growth, changes in the biochemical composition of 
cultured phytoplankton often occurs (Morris and McCartney, 1983). 
 
Similarly, carbon concentrations and C : N ratios are also rarely considered. According to the 
Redfield ratio, the chemical ratio of average phytoplankton cell is 106C : 16N : 1P.  Many 
culture media have a bicarbonate concentration of about 2 µM and nitrogen as nitrate of 
about 500 µM or higher, giving a ratio of about 4C : 1N and making the media nitrogen rich 
relative to carbon. Thus, depending on the growth rate of the phytoplankton and the 
surface area of the media through which atmospheric CO2 can diffuse, carbon could well 
become limiting (Riebesell et al., 1993). This implies that those phytoplankton species that 
can readily use bicarbonate may be able to grow, whereas other species that are more 
dependent on CO2 may exhibit reduced growth rate.   
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3. Materials and methods 
 
3.1. Study Sites 
 
Figure 1 is a map of the Port Elizabeth area indicating in red each of the seven sampling sites 
used in this study. 
 
 
Figure 1: Port Elizabeth and surrounds indicating the seven sampling sites. 
 
Maitland River Beach is a 25 km long beach situated 30 km west of Port Elizabeth and 
backed by high sand dunes. It is influenced by the south-eastward flowing Agulhas current 
and wave height averages 2.4 m (McArdle & McLachlan, 1992). Maitland River Beach may 
experience upwelling of colder, nutrient rich water during strong eastern winds in summer 
(Goschen and Schumann, 1995). According to McLachlan (1990) this beach is in a high-
energy intermediate to dissipative morphodynamic state. Cape Recife forms the western 
limit of Algoa Bay. In summer months, cold upwelled water can enter intermittently in and 
around this beach (Goschen and Schumann, 1995). Pollock beach is a short beach situated 
10 km southeast of the Port Elizabeth central business district. King’s Beach is a sheltered 
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beach less than 2 km in length (McLachlan, 1977a,b). It has accreted along the breakwater 
of the Port Elizabeth harbour with a storm-water outlet to the west which flows into the 
surf-zone. It has small waves (McArdle and McLachlan, 1992) that average about 1 m in and 
break 50 to 100 m from the shore. Water temperature ranges between 12 and 25°C 
(McLachlan, 1977 a, b). There is substantial residential development and recreational 
activity along King’s Beach. New Brighton Beach is a large beach on the eastern part of the 
Port Elizabeth coastline. Treated domestic sewage is discharged through a pipeline situated 
north of the main beach. Schumann and Campbell (1999) showed that the outflow from the 
New Brighton and Papenkuils Canals have an impact on nearshore waters, resulting in lower 
dissolved oxygen, higher pH and considerably higher phosphate levels around the outfalls. 
Bluewater Bay Beach has a surf-zone width of 100-150 m and wave heights of 1.5 to 2 m.  
St. Georges Strand is situated along the north-eastern coastline of Algoa Bay. The beach is 
classified as intermediate which varies between the transverse-bar-rip and rhythmic bar-
beach types (Short, 1999). Wave energy is moderate to high and wave heights are 1 - 1.5 m 
with a shallow swash zone (McGwynne et al., 1997).  
 
3.2. Sampling methodology 
 
3.2.1. Site selection and sampling time frame 
 
Algoa Bay is generally described as having a warm temperate climate (Klages, 2003) with a 
mean annual temperature of 16.9°C and average monthly temperatures ranging from 14°C 
in winter to 22°C in summer. Mean annual precipitation for the period 1963-2001 was 626 
mm with an average of 8 days of rain per month (WeatherSA). Extreme rainfall events 
usually occur in spring and autumn (Klages, 2003). Prevailing winds are more or less aligned 
parallel to the coastline. Winter months are characterized by predominantly westerly winds 
with average speeds of 4-8 m/sec. Summer months are characterized by an equal input of 
north-easterly winds, which reach the same maximum velocity as the westerlies. Maximum 
wind speeds occur from September to November and minimum speeds from May to July. 
Typical surface water temperatures in summer average between 19 and 20 °C (Klages, 
2003). The shoreline to the west consists of sandy beaches backed by high (30m) and often 
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mobile dunes. To the east, rocky outcrops of high folded and jointed quartzitic sandstone 
occur (Klages, 2003). 
 
Seven sandy beaches near Port Elizabeth were sampled (one station per beach) during the 
period of April 2007 to April 2008 on a fortnightly basis. These were Maitland beach, Cape 
Recife, Pollock beach, King’s beach, New Brighton beach, Bluewater Bay and St. George’s 
strand. These sites, the time frame and sampling frequency were chosen in order to include 
as many physical conditions as possible on beaches ranging from polluted to pristine. 
 
Nutrient levels were measured to assess how variable the surf-zone water quality was.  
Spearman Rank Order correlations were used to assess whether there are any significant 
correlations between the nutrient concentrations. Multiple comparisons (Kruskall-Wallis) 
were done to determine whether there were any significant differences in nutrient 
concentration at the different beaches. 
 
3.2.2. Field measurements 
 
3.2.2.1. Nutrients 
 
Samples of seawater were collected for inorganic nutrient analyses at each site. Three 250 
ml replicate water samples were collected at each site and immediately filtered through 
Schleicher and Scheull GF/C filters using Millipore plastic filter towers. The filtrate was 
stored at 4˚C in the dark until analysis which took place that same day, immediately upon 
return to the laboratory. 
 
3.2.2.2. Chlorophyll a 
 
For chlorophyll a determination, one litre of seawater was filtered through a GF/C filter 
under gentle suction. Following filtration the filter papers were frozen at -4°C in aluminium 
foil until analysis. 
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3.2.2.3. Phytoplankton 
 
A 250 ml 90 µm mesh size tow net sample was collected at each site for identification and 
enumeration of microalgae species in the phytoplankton. The tow net had a mouth 
diameter of 30 cm and the net was submerged to a depth of half its mouth width in water 
that was approximately 60 cm deep. The samples were collected by varying between a quick 
scooping action between successive waves and long tows (20 m) depending on the turbidity 
and presence of sand, which would clog the net. Of the 250 ml collected, a 50 ml sample 
was preserved using glutaraldehyde to give a final glutaraldehyde concentration in the 
sample of 5% by volume. 
 
3.3. Analytical methodology 
 
3.3.1. Inorganic nutrient analysis 
 
Nitrate was measured using a modification of the Greiss (1879) and Ilosvay (1889) method 
after reduction to nitrite by CuSO4-treated Cd granules. The reduction method described by 
Bate and Heelas (1975) was used. 
 
Ammonium was measured using a modification by Strickland and Parsons (1972) of the 
phenol-hypochlorite method of Solórzano (1969). The method of Strickland and Parsons 
(1972) was used to determine soluble reactive phosphorus in the water. Silicate was 
determined using the colorimetric method of Parsons et al. (1984). 
 
3.3.2. Chlorophyll a 
 
Prior to chlorophyll a analysis, the filter papers were placed in 10 ml 95% ethanol in order to 
extract overnight. These samples were kept in the dark at 4˚C. The pigment extract was 
filtered through a Whatman 1 filter to remove particulates and measured immediately using 
the spectrophotometric method and the procedure recommended by Nusch (1980). The 
optical density was read using a GBC-UV/VIS 916 spectrophotometer at 665 nm (the 
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chlorophyll a absorbance maximum in the red part of the spectrum) against a 95% ethanol 
blank. The sample was then acidified using 3 drops of 0.1 N HCl added directly to the 
cuvette to break down the chlorophyll a to phaeophytin a by the removal of the magnesium 
atom. The absorbance was read again after 5 minutes. 
 
Chlorophyll a concentration was then calculated using the following equation (Nusch, 1980): 
 
Chl. a biomass (µg/l) = (Ebefore – Eafter) x 29.6 x (v/V x l) 
 
Where Ebefore = absorbance before acidification 
Eafter = absorbance after acidification 
v = volume of solvent used for extraction 
V = volume of sample filtered (l) 
I = path of spectrophotometer cuvette (1 cm) 
 
3.3.3. Microalgae cell counts and identification 
 
Microalgae cells in the phytoplankton were viewed using differential interference contrast 
with a Zeiss photomicroscope. Images were captured for later identification using the 
Imaplan 7 software package. Where possible, at least 100 cells were counted for each 
sample, using a standard light microscope slide and a 1 cm2 cover slip. All cells found within 
the cover slip area were counted and as many slides as were needed to count 100 cells were 
viewed.  In samples with low cell numbers the whole 50 ml subsample was analysed. The 
species richness was taken to be the total number of species found per sample. 
 
3.3.4. Statistical analyses 
 
Data were tested for normality using Statistica (version 9). 
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3.3.4.1. Variability in surf-zone water quality: 
 
Spearman Rank Order correlations were done for all the nutrients at each beach to assess 
whether there are any significant correlations between the nutrients. 
 
Multiple comparisons (Kruskall-Wallis) were done for each nutrient comparing the beaches 
for any significant differences with respect to nutrients. 
 
3.3.4.2. Variability in species composition: 
 
Surf diatom contributions to the phytoplankton community were plotted for each beach 
together with the percentage of dinoflagellates recorded. 
 
Pearson rank correlations were used to assess whether environmental variables and species 
abundance were significantly correlated. This was done for all beaches and for each beach 
separately to determine which environmental variables influence species distribution and 
occurrence.  
 
Pearson correlation coefficients were used to estimate the relationships between the 
phytoplankton community and the main environmental variables. Correlation analysis was 
applied to a matrix of annual average values for each variable analysed. 
 
CANOCO was used for multivariate statistical analysis in the form of Canonical 
Correspondence Analysis (CCA).  This was done to identify relationships between species 
assemblages and their environment. CCA uses field data sets of species occurrences and 
environmental variables at different sampling sites by defining the link between species and 
environment by means of embedding the environmental data within the biotic analysis 
(Annoni, 2003). From the environmental variables it extracts gradients or ordination axes 
that maximize the niche separation among species (Ter Braak and Verdonschot, 1995). 
Ordination is the result of CCA and consists of points for species and sites, and arrows for 
environmental variables (where applicable).  
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3.4. Microalgae cultures 
 
3.4.1. Stock culture preparation and maintenance 
 
The following species were purchased from the Provasoli-Guillard National Center for 
Culture of Marine Phytoplankton (CCMP) in the USA: the dinoflagellates Prorocentrum 
micans, Scrippsiella trochoidea, Gonyaulax spinifera and the diatom Asterionellopsis 
glacialis. Anaulus australis cells were isolated from samples collected from the Sundays 
River beach surf-zone. These species were chosen because in Clark’s (2005) study they were 
found to co-occur in surf-zones around Algoa Bay. These cultures were optimized for 
nutrients by allowing them to grow in nutrient enriched F/2 media (Guillard and Ryther, 
1963) with an addition of silicic acid for the diatom cultures. Flasks containing the cultures 
were then placed in Conviron growth chambers at 19˚C. They were allowed to grow in still 
culture with the exception of the diatom cultures, which were vigorously shaken once every 
second to third day. The light sources were cool fluorescent lamps providing an irradiance of 
100 µmol m-2 s-1 photosynthetic photon flux density. The photoperiod for the duration of 
the experiment was set at 14 hours light: 10 hours dark. These stock cultures were 
maintained by periodic dilution or sub-culturing (approximately once a month) until needed 
for experimentation. This was done by either adding fresh F/2 enriched culture media to 
existing cultures using sterile techniques, or by taking a sub-sample of an exponentially 
growing culture and placing that sub-sample in a new flask with fresh F/2 enriched media. 
 
3.4.2. Experimental design 
 
3.4.2.1. Monospecific cultures 
 
For each of the five species cultured, and each nutrient to be tested (nitrate, ammonium, 
phosphate and silicate), five 500 ml Erlenmeyer flasks with 300 ml H/2 culture media 
(without the nutrient to be tested) were used. H/2 culture media contains the same nutrient 
concentrations as F/2 media with the exception of ammonium, which is not present in the 
F/2 media originally used. Ammonium was one of the experimental nutrients to be analysed 
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in these experiments, thus it was necessary that it was present in the chosen culture media. 
Different concentrations of the nutrient to be tested were added to each flask with no 
addition to one of the flasks for the control. For nitrate and ammonium, the test nutrient 
concentrations added were 1, 5, 10, and 40 µM. For phosphate and silicate final nutrient 
concentrations in the flasks were 0.2, 1, 2, and 10 µM. These concentrations were chosen 
because they represent the range of nutrient concentrations measured at all the beaches 
sampled over the sampling period. 
 
When stock or starter cultures reached exponential growth, 30 ml of the culture was 
removed and placed into the experimental media giving a ratio of 1 : 10 of culture to new 
medium.  
 
Cell counts and nutrient analyses were done upon initiation of the experiment and again 
after 6 and 12 hours. Thereafter, nutrient analyses and cell counts were done every 24 
hours up to one week after which it was done on a weekly basis up to one month. 
 
With five species, five concentrations and four (or five for diatoms) nutrients, this gave a 
randomized block experimental design of 95 flasks with 12 measurements taken over time 
from each flask.   
 
3.4.2.2. Mixed species cultures  
 
The experimental design of the mixed species cultures was the same as for mono-algal 
cultures, the difference being that Anaulus australis was combined with each of the other 
species (A. australis & Prorocentrum micans; A. australis & Scrippsiella trochoidea; A. 
australis & Gonyaulax spinifera; A. australis & Asterionellopsis glacialis). Experimental 
nutrient concentrations were the same as those used for the mono-algal cultures, and the 
time intervals at which nutrient analyses and cell counts were done was also the same. This 
gave a randomized block design of four two-species combinations, five concentrations of 
five nutrients giving a total of 40 flasks from which 12 measurements each were taken over 
time. Although this method suffers from the typical replication problem of a “cross-
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gradient” investigation, this was the only possible way of designing the experiment as it was 
simply impossible to sample replicates of 125 treatments on an hourly basis. 
 
For the duration of the experiment (one month), both mono-algal and mixed species 
cultures were kept in the same Conviron growth cabinets under the same conditions as the 
stock cultures. 
 
3.4.3. Analytical methodology 
 
Cell concentrations for each species were determined using a Brite-Line haemacytometer 
slide. At least five replicate 1 ml sub-samples were counted per sample. 
 
Growth rate was calculated as a change in biomass over time by using the portion on the 
graph where cell counts increased exponentially taking Ys at the start of the exponential 
phase and Yf the last value of the exponential phase of growth. 
 
GR = [(Yf – YS)/Ys]/days 
Where GR = growth rate (divisions per day) 
Yf  represents the last value of exponential growth  
YS  represents the start value of exponential growth  
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4. Results 
 
4.1. Variability in surf-zone water quality  
 
4.1.1. Maitland 
 
Nitrate levels at Maitland beach were almost always above that of ammonium, except in 
late autumn when the ammonium concentration was higher, also reaching its highest 
concentration for Maitland beach (median = 5.237 ± 2.468 S.D.). Phosphate levels were 
highest in autumn and summer. The silicate levels were significantly lower at Maitland 
beach compared to King’s beach, Brighton beach, Bluewater Bay and St. George’s Strand 
(Appendix 1).  
 
Nitrate and ammonium were positively correlated (p < 0.05) (Table 1). 
 
 
 
Figure 2: Nutrient concentrations measured at Maitland beach from April 2007 – April 2008 
(median + S.D.). Yellow = autumn; Blue = winter; Red = spring; Green = summer. 
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Table 1: Spearman Rank Order Correlations of nutrient concentrations of surf-zone water at 
Maitlands. Bold indicates significance at p < 0.05 
 Ammonium Phosphate Nitrate 
Phosphate 0.362   
Nitrate 0.428 0.231  
Silicate 0.087 -0.067 0.334 
 
 
4.1.2. Cape Recife 
 
Concentrations of both ammonium and nitrate fluctuated throughout the year at Cape 
Recife, ammonium reaching its lowest levels during late-winter and spring, while nitrate 
levels peaked during autumn and winter. Ammonium concentrations averaged 6.23 µM ± 
3.43 S.D., whereas nitrate averaged at 8.16 µM ± 3.39 S.D (Appendix 1). Silicate remained 
relatively constant throughout the year, reaching its lowest levels during late-winter (Figure 
3). Phosphate concentration showed distinct peaks during mid-summer and late 
autumn/early winter and averaged 0.85 µM ± 1.3 S.D. Silicate concentration averaged 0.62 
µM ± 0.15 S.D. (Appendix 1).  
 
Ammonium was positively correlated to both nitrate and silicate (p < 0.05). Silicate levels 
were significantly lower at Cape Recife compared to King’s beach, Brighton beach, 
Bluewater Bay and St. George’s Strand (Table 2). 
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Figure 3: Nutrient concentrations measured at Cape Recife from April 2007 – April 2008 
(median + S.D.). Yellow = autumn; Blue = winter; Red = spring; Green = summer. 
 
Table 2: Spearman Rank Order Correlations of nutrient concentrations of surf-zone water at 
Cape Recife. Bold indicates significance at p < 0.05 
 Ammonia Phosphate Nitrate 
Phosphate 0.292   
Nitrate 0.764 0.293  
Silicate 0.415 0.377 0.171 
 
 
4.1.3. Pollock Beach 
 
At Pollock beach, ammonium reached a peak during autumn and its lowest level was 
reached during spring (Figure 4). Nitrate levels were lower during winter. Ammonium 
averaged 6.26 µM ± 4.79 S.D. and nitrate 6.65 µM ± 2.77 S.D. The phosphate concentration 
peaked during late autumn and the average concentration was 0.73 µM ± 1.3 S.D. Silicate 
reached its highest concentrations during early summer with an average concentration of 
0.71 µM ± 0.14 S.D. (Appendix 1). 
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Nitrate and phosphate were positively correlated at Pollock beach (p < 0.05) (Table 3). 
 
 
 
Figure 4: Nutrient concentrations measured at Pollock beach from April 2007 – April 2008 
(median + S.D.). Yellow = autumn; Blue = winter; Red = spring; Green = summer. 
 
Table 3: Spearman Rank Order Correlations of nutrient concentrations of surf-zone water at 
Pollock beach.Bold indicates significance at p < 0.05 
 Ammonia Phosphate Nitrate 
Phosphate 0.281   
Nitrate 0.352 0.537  
Silicate 0.371 -0.067 0.267 
 
 
4.1.4. King’s Beach 
 
At King’s beach, nitrate peaked during winter while ammonium concentrations stayed 
relatively low. Ammonium showed a distinct peak during autumn, reaching its highest level 
of 17.00 µM (Figure 5). Nitrate averaged at 7.73 µM ± 3.18 S.D. and ammonium at 5.05 µM 
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± 3.9 S.D. (Appendix 1). Phosphate reached its highest concentration during autumn while 
during the rest of the year, the concentration remain relatively constant (Figure 5). 
Phosphate averaged at 0.86 µM ± 0.46 S.D. Silicate concentrations remained relatively 
constant throughout the year and averaged at 0.84 µM ± 0.137 S.D. (Figure 5).  
 
No significant correlations existed between any of the nutrient concentrations measured at 
King’s Beach (Table 4). 
 
 
Figure 5: Nutrient concentrations measured at King’s beach from April 2007 – April 2008 
(median + S.D.). Yellow = autumn; Blue = winter; Red = spring; Green = summer. 
 
Table 4: Spearman Rank Order Correlations of nutrient concentrations of surf-zone water at 
King’s beach.  
 Ammonia Phosphate Nitrate 
Phosphate 0.235   
Nitrate 0.304 0.206  
Silicate 0.235 0.026 0.352 
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4.1.5. Brighton Beach 
 
At Brighton beach, ammonium levels peaked during autumn, while nitrate levels were 
lowest during that time period (Figure 6). Ammonium averaged at 12.04 µM ± 7.94 S.D. and 
nitrate at 10.85 µM ± 4.02 S.D. (Appendix 1). Phosphate reached its highest concentration 
during autumn and mid-summer, while silicate levels remained relatively consistent (Figure 
6). Phosphate averaged 1.73 µM ± 2.17 S.D and silicate averaged 1.01 µM ± 0.25 S.D. Out of 
all the beaches sampled, Brighton beach had the highest ammonium and nitrate 
concentrations (Appendix 1). 
 
Silicate and ammonium were positively correlated to each other (p < 0.05) (Table 5). 
 
 
 
Figure 6: Nutrient concentrations measured at Brighton beach from April 2007 – April 2008 
(median + S.D.). Yellow = autumn; Blue = winter; Red = spring; Green = summer. 
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Table 5: Spearman Rank Order Correlations of nutrient concentrations of surf-zone water at 
Brighton beach. Bold indicates significance at p < 0.05 
 
 Ammonia Phosphate Nitrate 
Phosphate 0.232   
Nitrate 0.186 0.194  
Silicate 0.443 0.099 0.260 
 
 
 
4.1.6. Bluewater Bay 
 
At Bluewater beach, ammonium peaked during autumn, reaching a concentration of 25.00 
µM. Both ammonium and nitrate concentrations were variable throughout the year with 
ammonium averaging at 6.34 µM ± 5.71 S.D. and nitrate at 8.17 µM ± 2.79 S.D. The 
phosphate concentration averaged 0.87 µM ± 1.49 S.D. with higher values recorded during 
spring, while silicate concentration remained constant throughout the year, averaging at 
0.84 µM ± 0.15 S.D (Figure 7).  
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Phosphate and nitrate were positively correlated (Table 6). 
 
 
 
Figure 7: Nutrient concentrations measured at Bluewater Bay beach from April 2007 – April 
2008 (median + S.D.). Yellow = autumn; Blue = winter; Red = spring; Green = summer. 
 
Table 6: Spearman Rank Order Correlations of nutrient concentrations of surf-zone water at 
Bluewater bay. Bold indicates significance at p < 0.05 
 Ammonia Phosphate Nitrate 
Phosphate 0.286   
Nitrate 0.333 0.566  
Silicate 0.049 0.313 0.054 
 
 
4.1.7. St. George’s Strand 
 
At St. Georges beach, nitrate levels were almost always double that of ammonium, reaching 
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µM ± 3.05 S.D, almost three times that of ammonium. Phosphate concentration peaked in 
autumn, spring and summer. Silicate concentrations remained more or less constant 
throughout the year, averaging 0.78 µM ± 0.11 S.D. Phosphate concentration averaged 0.82 
µM ± 1.27 S.D. (Figure 8).  
 
Phosphate and ammonium were positively correlated (Table 7). 
 
 
Figure 8: Nutrient concentrations measured at St. George’s Strand from April 2007 – April 
2008 (median + S.D.). Yellow = autumn; Blue = winter; Red = spring; Green = summer. 
 
Table 7: Spearman Rank Order Correlations of nutrient concentrations of surf-zone water at 
St. George’s strand. Bold indicates significance at p < 0.05. 
 Ammonia Phosphate Nitrate 
Phosphate 0.468   
Nitrate 0.299 0.052  
Silicate -0.156 0.007 -0.102 
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4.1.8. Variability of Nutrients 
 
Phosphate was the most variable of all the nutrients at every beach (the S.D. > 125% of the 
median) with the exception of King’s beach, where it was much lower (median = 0.860 µM ± 
0.468 S.D) and less variable (S.D. = 54.5% of the median) compared to the other beaches 
(Figure 9 and Table 12). Maitland beach had the highest variability in terms of phosphate 
concentration (median = 0.847 µM ± 1.784 S.D. with S.D. = 210% of the median). Brighton 
beach had the widest range in concentration (median = 1.735 ± 2.17 S.D. with a range of 
11.03 µM) and higher concentrations than all the other beaches (Figure 9 and Table 12). 
Phosphate concentration was significantly higher at Brighton beach compared to all the 
other beaches sampled (Table 8).  
 
 
Figure 9. The median phosphate concentration of surf-zone water at seven beaches near 
Port Elizabeth. Vertical bar represents the range. 
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Table 8: Multiple comparison p values (two-tailed) of the phosphate concentration of surf-
zone water at seven beaches. Kruskal-Wallis test: H (6, N = 174) = 77.361 p < 0.001. Bold 
indicates significance. 
 Maitlands Cape Recife Pollock Kings Brighton Bluewater 
Cape Recife 1.000      
Pollock 1.000 0.268     
King’s 1.000 1.000 0.926    
Brighton <0.001 <0.001 <0.001 <0.001   
Bluewater 1.000 1.000 0.628 1.000 <0.001  
St. Georges 1.000 1.000 1.000 1.000 <0.001 1.000 
 
Ammonium concentration was also variable at all of the beaches. Bluewater beach had the 
highest variability in ammonium concentration (median = 6.34 ± 5.71 S.D and 90.1% of the 
median) and Maitland the lowest (mean = 5.01 ± 2.46 S.D and 47.1% of the median). 
Brighton beach had the widest range in ammonium concentration (mean = 14.06 ± 7.9 S.D 
and 65.9% of the median) and St. Georges the narrowest (mean = 3.07 ± 1.51 S.D and 47.5% 
of the median).  (Table 12). Ammonium concentration was lower than nitrate concentration 
at every site, with the exception of Brighton beach. At St. Georges strand the ammonium 
concentration was very low compared to nitrate. (Figure 10). Ammonium concentrations 
were significantly higher at Brighton beach than at any of the other beaches sampled (Table 
9). 
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Figure 10. The median ammonium concentration of surf-zone water at seven beaches near 
Port Elizabeth. Vertical bar represents the range. 
 
Nitrate and silicate concentrations were not as variable as phosphate and ammonium at the 
different beaches, especially silicate which hardly varied at all. Although nitrate variability 
was overall low between beaches, Pollock beach had the highest variability (mean = 7.56 ± 
2.77 S.D and 41.68% of the median) and Maitlands the lowest (mean = 7.39 ± 1.40 S.D and 
19.4% of the median). Maitlands also had the narrowest range in nitrate concentration (6.52 
µM) and Brighton beach the widest (mean = 11.77 ± 4.02 S.D and 37% of the median with a 
range of 16.64 µM). (Figure 11 and Table 12). Nitrate concentrations were significantly 
higher at Brighton beach compared to all the other beaches, except Bluewater Bay (Table 
10). 
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Table 9: Multiple comparison p values (two-tailed) of the ammonium concentration of surf-
zone water at seven beaches. Kruskal-Wallis test: H (6, N = 174) = 77.361 p < 0.001. Bold 
indicates significance. 
 Maitlands Cape Recife Pollock Kings Brighton Bluewater 
Cape Recife 1.000      
Pollock 1.000 1.000     
King’s 1.000 1.000 1.000    
Brighton <0.001 0.004 0.002 <0.001   
Bluewater 1.000 1.000 1.000 1.000 0.013  
St. Georges 0.793 0.011 0.022 0.248 <0.001 0.003 
 
 
 
 
Figure 11. The median nitrate concentration of surf-zone water at seven beaches near Port 
Elizabeth. Vertical bar represents the range. 
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Table 10: Multiple comparison p values (two-tailed) of the nitrate concentration of surf-zone 
water at seven beaches. Kruskal-Wallis test: H (6, N = 174) = 77.361 p < 0.001. Bold indicates 
significance. 
 
 Maitlands Cape Recife Pollock Kings Brighton Bluewater 
Cape Recife 1.000      
Pollock 1.000 1.000     
King’s 1.000 1.000 1.000    
Brighton <0.001 0.021 <0.001 0.020   
Bluewater 1.000 1.000 1.000 1.000 0.066  
St. Georges 1.000 1.000 1.000 1.000 0.015 1.000 
 
Silicate concentration was relatively stable at all the beaches, with Brighton beach being the 
most variable with the widest range (mean = 1.05 µM ± 0.25 S.D and 24.8% of the median 
with a range of 1.04 µM) and St. Georges the least variable (mean = 0.78 µM ± 0.11 S.D and 
14.5% of the median). (Table 12). Mean silicate concentration was quite low overall for all 
the beaches, with only Brighton beach being above 1 µM (Figure 12). Silicate levels at 
Maitlands and Cape Recife were significantly lower than King’s beach, Brighton beach, 
Bluewater Bay and St. George’s Strand (Table 11). 
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Figure 12: The median silicate concentration of surf-zone water at seven beaches near Port 
Elizabeth. Vertical bar represents the range. 
 
Table 11: Multiple comparison p values (two-tailed) of the silicate concentration of surf-
zone water at seven beaches. Kruskal-Wallis test: H (6, N = 174) = 77.361 p < 0.001. Bold 
indicates significance. 
 Maitlands Cape Recife Pollock Kings Brighton Bluewater 
Cape Recife 1.000      
Pollock 1.000 1.000     
King’s <0.001 <0.001 0.085    
Brighton <0.001 <0.001 <0.001 0.625   
Bluewater <0.001 0.002 0.593 1.000 0.091  
St. Georges 0.007 0.013 1.000 1.000 0.015 1.000 
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Table 12: Nutrient variability (% of the mean) at the seven beaches sampled. 
Variability (%) 
 
Maitland Phosphate 210.570 
Pollock Phosphate 177.487 
Bluewater Phosphate 170.858 
St. Georges Phosphate 154.699 
Cape Recife Phosphate 153.928 
Brighton Phosphate 125.061 
Bluewater Ammonium 90.096 
Kings Ammonium 78.201 
Pollock Ammonium 76.573 
Brighton Ammonium 65.955 
Cape Recife Ammonium 55.047 
Kings Phosphate 54.507 
St. Georges Ammonium 47.489 
Maitlands Ammonium 47.127 
Pollock Nitrate 41.684 
Cape Recife Nitrate 41.561 
Kings Nitrate 41.176 
St. Georges Nitrate 40.384 
Brighton Nitrate 37.071 
Bluewater Nitrate 34.187 
Brighton Silicate 24.802 
Cape Recife Silicate 24.439 
Maitland Silicate 22.414 
Maitlands Nitrate 19.436 
Pollock Silicate 19.389 
Bluewater Silicate 18.597 
Kings Silicate 16.451 
St. Georges Silicate 14.536 
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4.2. Variability in species composition 
A total of 102 phytoplankton species were recorded at all beaches during the course of this 
study (Table 13). 
 
Table 13: Phytoplankton species recorded (presence = X) at seven beaches in Algoa Bay 
between April 2007 and April 2008. 
Species Sites 
Diatoms 
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Achnanthes sp.  X X  X X X 
Achnanthes longipes  X X  X X X 
Actinoptychus sp.      X  
Actinoptychus senarius  X      
Anaulus australis X X X X X X X 
Asterionella formosa  X X X X X X 
Asterionellopsis glacialis X  X X X X  
Asteromphalus flabellatus      X  
Aulacodiscus sp. X X X X X X X 
Aulacodiscus johnsonii X X X X X X X 
Aulacodiscus petersii X X   X X X 
Bacteriastrum sp.  X X X  X X 
Bacteriastrum hyalinum  X X   X  
Biddulphia alternans   X X X X  
Biddulphia dubia   X X    
Biddulphia pulchella  X X X X X X 
Campylodiscus fastuosus    X    
Campyloneis grevillei        
Chaetoceros sp. X X X X X X X 
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Chaetoceros affinis   X     
Chaetoceros danicus  X      
Chaetoceros debilis   X     
Chaetoceros eibenii      X  
Climacosphenia moniligera   X  X   
Cocconeis sp.   X    X 
Coscinodiscus stellaris X  X X X X X 
Diploneis crabro   X     
Diplopsalis spp.  X X X X X X 
Eucampia zodiacus     X X  
Fragilaria sp.    X    
Grammatophora sp.    X X   
Grammatophora angulosa  X  X X   
Grammatophora marina  X  X X X  
Hemialus sp.   X     
Hemidiscus cuneiformis      X  
Leptocylindricus danicus     X   
Licmophora abbreviate  X      
Licmophora ehrenbergii  X X X    
Licmophora hyalina  X   X  X 
Navicula sp. X X X X X X  
Navicula delicatula  X X X X X X 
Navicula sp. 1  X X   X X 
Navicula sp. 2  X X X X X X 
Navicula sp. 3  X X X X X X 
Nitzshcia sp.  X X X X X X 
Nitzschia clostridium  X X X X X X 
Nitzschia fruiticosa  X X     
Nitzschia longissima    X    
Odontella sp.  X X X  X  
Odontella aurita  X X X X   
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Pinnularia ergudneis   X X    
Plagiogramma vanheurkii    X  X X 
Pleurosigma directum   X X    
Pseudoenotia sp.    X    
Pseudoenotia doliolus  X      
Pseudonitzschia sp. X   X X X X 
Pseudonitzschia seriata    X X  X 
Rhizosolenia sp. X X X X X X X 
Skeletonema costatum  X   X X  
Stephanopyxis sp. X X X X X X X 
Stephanopyxis palmeriana  X    X X 
Stephanopyxis turris  X X X X X X 
Striatella unipunctata  X X X    
Synedra sp.     X   
Synedra crystalline  X    X  
Thallassiosira sp.  X      
Thallassionema nitzscioides  X X  X   
Triceratium antediluvianum  X      
Triceratium favus X X X X    
DINOFLAGELLATES 
Alexandriumm sp.    X  X  
Ceratium sp.  X X X X X X 
Ceratium breve  X    X X 
Ceratium candelabrum  X  X X X X 
Ceratium furca X X X X X X X 
Ceratium gibberum  X X X X X X 
Ceratium karstenii    X  X X 
Ceratium longirostrum X   X X X  
Ceratium pulchellum  X X   X X 
Ceratium symmetricum     X X  
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Ceratium trichoceros X    X   
Ceratium tripos X X X X X X X 
Dinophysis ovum  X X X X X X 
Phalacroma rotundatum   X X X X X 
Gonyaulax spinifera X X X X X X X 
Noctoluca scintillans X  X X X X X 
Phaeopolykrikos beauchampi     X  X 
Prorocentrum compressum     X X  
Prorocentrum micans X X X X X X X 
Prorocentrum rostratum X X X X X X X 
Protoperidinium sp. X X X X X X X 
Protoperidinium cerasus X       
Protoperidinium conicum    X  X  
Protoperidinium diabolum X X X X X X X 
Pyrocystis sp. X X  X    
Pyrocystis lunula X  X  X  X 
Scrippsiella trochoidea  X X X X X X 
SILICOFLAGELLATES 
Dictyocha fibula X X X X X X X 
Dictyocha speculum X X  X X X X 
OTHER 
Flagellates X     X X 
Pediastrum ellipticum X   X   
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Figure 13 shows the percentage contribution of diatoms and dinoflagellates to the 
phytoplankton composition for each beach over the one-year sampling period. In general, 
diatoms were dominant over dinoflagellates, with Cape Recife having the highest diatom 
percentage and St. George’s strand the lowest compared to dinoflagellates. 
 
Surf diatoms recorded were Anaulus australis, Asterionellopsis glacialis, Aulacodiscus 
petersii and Aulacodiscus johnsonii. The abundance of these were plotted for each beach 
together with the potentially harmful dinoflagellates (Scrippsiella trochoidea, Gonyaulax 
spinifera and Prorocentrum micans) that co-occur in these surf-zones (Figures 14 - 20). 
 
 
Figure 13: Percentage composition of diatoms and dinoflagellates at different beaches near 
Port Elizabeth (median and ± maximum and minimum). 
 
Table 14 shows the Pearson Rank Correlations for all the environmental variables measured 
at the seven beaches in Algoa Bay. The phytoplankton biomass (as chlorophyll a 
concentration) was negatively correlated to ammonium concentration. The percentage 
diatoms were negatively correlated to species richness. As expected, silicate concentration 
was negatively correlated to percentage diatoms. All the nutrients were positively 
correlated. Nitrate concentration was negatively correlated to wind speed. When the wind 
blew from the north and east, species richness was higher and the percentage of diatom 
was lower, together with ammonium and nitrate concentrations. Wind speed was positively 
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correlated to wind direction throughout (higher wind speeds for southerly and westerly 
winds). 
 
Table 14: Pearson Rank Correlations for environmental variables (nutrients, wind speed and 
direction) and phytoplankton data (biomass, percentage diatoms and species richness) for 
seven beaches in Algoa Bay. Bold indicates significance (p<0.05). 
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% Diatoms -0.089        
Species 
richness 
-0.047 -0.226       
Ammonium -0.184 -0.110 0.125      
Nitrate -0.004 -0.144 -0.127 0.478     
Phosphate -0.010 -0.061 0.041 0.465 0.473    
Silicate -0.041 -0.348 0.125 0.315 0.330 0.326   
Wind 
speed 
-0.078 0.085 -0.089 -0.048 -0.246 -0.094 0.086  
Wind 
direction 
-0.082 0.116 -0.212 -0.172 -0.216 -0.012 0.0267 0.563 
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4.2.1. Maitland Beach 
 
At Maitland beach A. australis was the dominant surf-zone diatom during the one-year 
sampling period. It accounted for 69% of the total diatom percentage composition (Figure 
14). 
 
Figure 14: The percentage composition of surf-zone diatoms and potential harmful 
dinoflagellates that co-occur at Maitland beach (median ± maximum and minimum). 
An_aust = Anaulus australis; Aulac_sp = Aulacodiscus spp; Aulac_p = Aulacodiscus petersii; 
Aster_gla = Asterionellopsis glacialis; Aulac_j = Aulacodiscus johnsonii; Proro_mic = 
Prorocentrum micans; Gony_spin = Gonyaulax spinifera; Scrip_troc = Scrippsiella trochoidea. 
 
Table 15 shows the Pearson Rank Correlations for Maitland beach. Phytoplankton biomass 
was positively correlated to percentage diatoms. The silicate concentration was negatively 
correlated to biomass. 
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Table 15: Pearson Rank Correlations for environmental variables (nutrients, wind speed and 
direction) and phytoplankton data (biomass, percentage diatoms and species richness) for 
Maitlands beach. Bold indicates significance (p<0.05). 
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% Diatoms 0.701        
Species Richness -0.151 -0.244       
[Ammonium] 0.030 0.062 -0.121      
[Nitrate] 0.035 -0.154 -0.250 0.263     
[Phosphate] 0.363 0.075 0.066 0.189 0.304    
[Silicate] -0.473 -0.398 0.179 0.138 0.273 -0.092   
Wind speed -0.040 -0.165 -0.030 0.188 -0.169 0.072 -0.053  
Wind direction -0.258 -0.012 0.036 -0.178 -0.191 0.157 0.110 0.566 
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4.2.2. Cape Recife 
 
Aulacodiscus petersii was the dominant surf-zone diatom at Cape Recife. Dinoflagellate 
percentage composition was lower than that of the surf diatoms (Figure 15). 
 
Figure 15: The percentage composition of Surf-zone diatoms and potential harmful 
dinoflagellates that co-occur at Cape Recife (median ± maximum and minimum). 
Aulac_p = Aulacodiscus petersii; Aulac_sp = Aulacodiscus spp; Aulac_j = Aulacodiscus 
johnsonii; An_aust = Anaulus australis; Proro_mic = Prorocentrum micans; Scrip_troc = 
Scrippsiella trochoidea; Gony_spin = Gonyaulax spinifera. 
 
Table 16 shows the Pearson Rank Correlations for Cape Recife. Phosphate was positively 
correlated to species diversity. Nitrate was negatively correlated to wind direction indicating 
that nitrate levels are higher when the prevailing wind direction is from the north and east.  
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Table 16: Pearson Rank Correlations for environmental variables (nutrients, wind speed and 
direction) and phytoplankton data (biomass, percentage diatoms and species richness) for 
Cape Recife. Bold indicates significance (p<0.05). 
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% Diatoms -0.110        
Species Richness 0.331 -0.273       
[Ammonium] -0.073 -0.069 -0.104      
[Nitrate] 0.024 0.293 -0.105 0.590     
[Phosphate] 0.139 -0.040 0.439 0.173 0.388    
[Silicate] 0.122 -0.301 -0.023 0.484 0.144 0.276   
Wind speed -0.150 0.078 -0.003 -0.054 -0.183 0.011 0.182  
Wind direction -0.023 -0.005 -0.016 -0.324 -0.386 -0.103 0.025 0.576 
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4.2.3. Pollock 
 
Figure 16 indicates that Asterionellopsis glacialis was the dominant surf-zone diatom at 
Pollock beach and accounted for 26% of the surf-zone diatom population. The 
dinoflagellates had the lowest percentage composition. 
 
Figure 16: The percentage composition of surf diatoms and potential harmful dinoflagellates 
that co-occur at Pollock beach (median ± maximum and minimum). 
Aster_gla = Asterionellopsis glacialis; Aulac_sp = Aulacodiscus spp; Aulac_j = Aulacodiscus 
johnsonii; An_aust = Anaulus australis; Scrip_troc = Scrippsiella trochoidea; Gony_spin = 
Gonyaulax spinifera; Proro_mic = Prorocentrum micans. 
 
Table 17 shows the Pearson Rank Correlations for Pollock beach. Species diversity was 
negatively correlated to percentage diatoms. All nutrients were positively correlated with 
the exception of silicate, which was not significantly correlated to any of the other nutrients.  
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Table 17: Pearson Rank Correlations for environmental variables (nutrients, wind speed and 
direction) and phytoplankton data (biomass, percentage diatoms and species richness) for 
Pollock beach. Bold indicates significance (p<0.05). 
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% Diatoms -0.330        
Species Richness 0.177 -0.580       
[Ammonium] -0.228 -0.087 0.303      
[Nitrate] 0.010 -0.208 -0.011 0.450     
[Phosphate] 0.163 0.011 -0.292 0.413 0.495    
[Silicate] -0.019 0.147 0.213 0.336 0.185 -0.115   
Wind speed -0.226 0.037 -0.128 -0.066 -0.241 -0.261 0.208  
Wind direction -0.071 -0.018 -0.228 -0.216 -0.159 -0.040 0.079 0.566 
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4.2.4. King’s Beach 
 
From Figure 17 it is clear that Asterionellopsis glacialis is the dominant surf-zone diatom at 
King’s beach and accounted 20% of the surf diatom population. The dinoflagellates had the 
lowest percentage composition. 
 
 
Figure 17: The percentage composition of Surf-zone diatoms and potential harmful 
dinoflagellates that co-occur at King’s beach (median ± maximum and minimum). 
Aster_gla = Asterionellopsis glacialis; Aulac_sp = Aulacodiscus spp; An_aust = Anaulus 
australis; Aulac_j = Aulacodiscus johnsonii; Gony_spin = Gonyaulax spinifera; Proro_mic = 
Prorocentrum micans; Scrip_troc = Scrippsiella trochoidea. 
 
Table 18 shows the Pearson Rank Correlations for King’s beach. Phosphate was negatively 
correlated to biomass. Nitrate and silicate were positively correlated to each other. 
Phosphate and wind speed was negatively correlated.  
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Table 18: Pearson Rank Correlations for environmental variables (nutrients, wind speed and 
direction) and phytoplankton data (biomass, percentage diatoms and species richness) for 
King’s beach. Bold indicates significance (p<0.05). 
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% Diatoms -0.304        
Species Richness -0.098 0.010       
[Ammonium] -0.281 -0.343 -0.336      
[Nitrate] 0.048 -0.368 -0.176 0.361     
[Phosphate] -0.547 0.038 -0.053 0.344 0.161    
[Silicate] -0.139 -0.342 0.280 0.090 0.427 0.077   
Wind speed -0.144 0.126 -0.165 0.020 -0.297 -0.301 0.066  
Wind direction -0.035 0.266 -0.239 -0.126 -0.178 -0.142 -0.096 0.566 
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4.2.5. Brighton Beach 
 
At Brighton beach, Aulacodiscus johnsonii was the dominant surf-zone diatom. Again, 
dinoflagellate percentage composition was lower than surf diatom percentage composition 
(Figure 18). 
 
 
Figure 18: The percentage composition of surf diatoms and potential harmful dinoflagellates 
that co-occur at Brighton beach (median ± range). 
Aulac_j = Aulacodiscus johnsonii; An_aust = Anaulus australis; Aster_gla = Asterionellopsis 
glacialis; Aulac_sp = Aulacodiscus spp Aulac_p = Aulacodiscus petersii; Scrip_troc = 
Scrippsiella trochoidea; Gony_spin = Gonyaulax spinifera; Proro_mic = Prorocentrum micans. 
 
Table 19 shows the Pearson Rank Correlations for Brighton beach. Diatom percentage and 
ammonium levels were negatively correlated to species richness. 
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Table 19: Pearson Rank Correlations for environmental variables (nutrients, wind speed and 
direction) and phytoplankton data (biomass, percentage diatoms and species richness) for 
Brighton beach. Bold indicates significance (p<0.05). 
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% Diatoms -0.207        
Species Richness 0.046 -0.475       
[Ammonium] 0.006 -0.477 0.377      
[Nitrate] 0.116 -0.270 0.118 0.186     
[Phosphate] 0.381 -0.528 0.276 0.232 0.195    
[Silicate] 0.007 -0.623 0.442 0.443 0.260 0.099   
Wind speed 0.114 -0.068 -0.173 -0.044 -0.177 0.009 0.083  
Wind direction 0.083 0.173 -0.533 -0.105 -0.305 -0.017 -0.151 0.566 
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4.2.6. Bluewater Bay 
 
Aulacodiscus petersii was the dominant surf diatom at Bluewater Bay. Dinoflagellate 
composition was lower than that of diatom composition (Figure 19). 
 
 
Figure 19: The percentage composition of surf diatoms and potential harmful dinoflagellates 
that co-occur at Bluewater Bay (median ± range). 
Aulac_p = Aulacodiscus petersii; Aster_gla = Asterionellopsis glacialis; Aulac_sp = 
Aulacodiscus spp; An_aust = Anaulus australis; Aulac_j = Aulacodiscus johnsonii; Proro_mic = 
Prorocentrum micans; Gony_spin = Gonyaulax spinifera; Scrip_troc = Scrippsiella trochoidea.  
 
Table 20 shows the Pearson Rank Correlations for Bluewater Bay. Nitrate is positively 
correlated to phosphate and phosphate is negatively correlated to wind speed. Species 
diversity decrease with westerly and southerly winds. 
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Table 20: Pearson Rank Correlations for environmental variables (nutrients, wind speed and 
direction) and phytoplankton data (biomass, percentage diatoms and species richness) for 
Bluewater Bay. Bold indicates significance (p<0.05). 
 
B
io
m
as
s 
(c
h
l  
a
) 
%
 D
ia
to
m
s 
Sp
ec
ie
s 
R
ic
h
n
es
s 
[A
m
m
o
n
iu
m
] 
[N
it
ra
te
] 
[P
h
o
sp
h
at
e
] 
[S
ili
ca
te
] 
W
in
d
 s
p
ee
d
 
% Diatoms -0.211        
Species Richness 0.044 -0.541       
[Ammonium] 0.079 -0.404 0.247      
[Nitrate] -0.006 -0.300 0.017 0.412     
[Phosphate] 0.152 -0.150 -0.068 0.315 0.541    
[Silicate] -0.109 -0.098 0.182 0.173 0.048 0.298   
Wind speed -0.162 0.208 -0.310 -0.297 -0.395 -0.468 -0.003  
Wind direction -0.050 0.191 -0.409 -0.406 -0.363 -0.048 0.091 0.545 
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4.2.7. St. George’s Strand 
 
Aulacodiscus petersii was the dominant surf diatom at St. George’s Strand while 
dinoflagellate composition was lowest (Figure 20). 
 
 
Figure 20: The percentage composition of Surf-zone diatoms and potential harmful 
dinoflagellates that co-occur at St. George’s Strand (median ± range). 
Aulac_p = Aulacodiscus petersii; Aulac_j = Aulacodiscus johnsonii; Aster_gla = 
Asterionellopsis glacialis; An_aust = Anaulus australis; Gony_spin = Gonyaulax spinifera; 
Scrip_troc = Scrippsiella trochoidea; Proro_mic = Prorocentrum micans. 
 
Table 21 shows the Pearson Rank Correlations for St. George’s Strand. Nitrate was 
negatively correlated to species richness. Phosphate and ammonium were positively 
correlated.  
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Table 21: Pearson Rank Correlations for environmental variables (nutrients, wind speed and 
direction) and phytoplankton data (biomass, percentage diatoms and species richness) for 
St. George’s strand. Bold indicates significance (p<0.05). 
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% Diatoms 0.170        
Species diversity 0.251 0.152       
[Ammonium] -0.222 0.045 -0.184      
[Nitrate] -0.417 0.027 -0.504 0.375     
[Phosphate] -0.011 -0.188 -0.088 0.549 0.024    
[Silicate] -0.151 0.311 0.105 -0.098 -0.144 0.004   
Wind speed 0.180 0.103 0.118 -0.071 -0.393 0.072 0.280  
Wind direction 0.059 0.010 -0.293 -0.013 -0.181 0.160 0.313 0.538 
 
 
In Figure 21 it is clear that Maitlands beach had the highest phytoplankton biomass (median 
= 19.36 µg/l ± 64.06 S.D.) of all the beaches sampled and Cape Recife the lowest (median = 
5.28 µg/l ± 1.29 S.D.). 
 
Pollock beach had the highest species richness (Figure 22; median = 11 species per sample) 
and St. George’s the lowest (median = 7 species per sample). 
 
A Mann-Whitney test indicated a significant higher biomass at Maitland beach compared to 
all the other beaches (Table 22). St. Georges Strand had significantly lower biomass than all 
other beaches. The only significant differences in species richness were at Cape Recife which 
had higher species richness than St. George’s Strand, Pollock beach that was higher than 
Bluewater Bay and St. George’s Strand, and King’s Beach was higher than St. George’s 
Strand. 
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Maitlands and Cape Recife had the highest percentage diatoms compared to all the other 
beaches sampled (Table 22). 
 
 
Figure 21: Biomass recorded at each sampling site from April 2007 to April 2008 (median + 
S.D.). 
 
 
Figure 22: Species richness recorded at each site during the one year sampling period 
(median + S.D.). 
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Table 22: Mann-Whitney Z test for significant differences in biomass (chlorophyll a), species 
richness and percentage diatoms between beaches (M = Maitlands, CR = Cape Recife, PB = 
Pollock Beach, KB = King’s Beach, BB = Brighton Beach, BW = Bluewater Bay, SG = St. 
George’s Strand). 
 
Biomass (chlorophyll a) Species Richness Percentage Diatoms 
Z p Z p Z p 
M vs CR 5.474 <0.001 -1.130 0.258 -0.213 0.831 
M vs PB 5.323 <0.001 -1.904 0.057 2.411 0.016 
M vs KB 4.927 <0.001 -0.983 0.326 3.290 0.001 
M vs BB 5.059 <0.001 -1.209 0.226 2.889 0.004 
M vs BW 3.410 <0.001 -0.269 0.788 2.752 0.006 
M vs SG 4.927 <0.001 0.652 0.515 3.911 <0.001 
CR vs PB -0.759 0.448 -0.876 0.381 2.628 0.008 
CR vs KB -3.788 <0.001 0.103 0.917 3.439 <0.001 
CR vs BB -3.752 <0.001 0.170 0.865 2.784 0.005 
CR vs BW -5.262 <0.001 1.093 0.274 2.902 0.004 
CR vs SG -5.454 <0.001 2.280 0.023 3.957 <0.001 
PB vs KB -3.349 0.001 0.888 0.375 1.464 0.143 
PB vs BB -2.956 0.003 0.602 0.547 1.886 0.376 
PB vs BW -4.795 <0.001 2.233 0.026 1.714 0.475 
PB vs SG -5.490 <0.001 3.258 0.001 2.608 0.009 
KB vs BB 0.833 0.405 -0.175 0.861 -0.518 0.604 
KB vs BW -2.690 0.007 0.952 0.341 -0.768 0.442 
KB vs SG -0.467 0.641 2.095 0.036 1.400 0.162 
BB vs BW -3.276 0.001 1.204 0.229 -0.113 0.910 
BB vs SG -2.214 0.027 2.427 0.015 1.988 0.047 
BW vs SG 1.986 0.047 1.080 0.280 1.867 0.062 
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The variability in species composition of sandy beach surf-zones was low (cumulative 
percentage variance of species data = 2.2% - Table 23), except for Maitlands, which was the 
most variable out of all the beaches in terms of species composition, which was due to 
Anaulus australis accumulations, a regular feature of Maitland beach. 
 
Table 23: A summary of the ordination statistics of phytoplankton species using DCCA. 
 Axis 1 Axis 2 
Total 
Inertia 
Eigenvalues 0.222 0.093 
 
Species-environmenat correlations 0.626 0.531 
Cumulative % of variance of species data 2.2 3.1 
Cumulative % of variance of species-environment relation 30.3 44.1 
Sum of all unconstrained eigenvalues 
 
10.116 
Sum of all canonical eigenvalues 0.652 
 
The phytosociology of phytoplankton species indicates three communities (Figure 23). 
 
The most obvious separation in phytoplankton composition occurs at Kings Beach. Here the 
community was highly variable (green domain, Figure 23) and differed from the 
phytoplankton at the other beaches in the presence of Actinoptychus sp., Diploneis crabro, 
Minidiscus sp., Nitzschia longissima, Pseudonitzschia seriata, Pyrocystis lunula, Rhizosolenia 
sp. and an unidentified flagellate (Figure 24) not recorded in abundance at the other 
beaches. 
 
If the Kings Beach samples are removed, the surf diatom-dominated community (Maitlands 
beach) separates from the rest of the beaches due to the high abundance of Anaulus 
australis (Figure 25). Species that co-occur with the surf diatom (although in low abundance) 
are the diatoms Achnanthus sp., Asteromphalus flabellatus, Hemidiscus cuneiformis and 
Triceratium favus as well as the dinoflagellates Alexandrium sp., Protoperidinium conicum, 
Ceratium karstenii, Ceratium trichoceros and Ceratium symmetricum.  
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Figure 23: Ordination (DCA) of phytoplankton samples collected fortnightly for a year from 
seven beaches near Port Elizabeth. Ordination domains for each beach are drawn with a 
maximum of four outliers allowed outside the domain. 
Figure 24: Ordination (DCA) of phytoplankton species collected fortnightly for a year from 
seven beaches near Port Elizabeth. The unique portion of the ordination domain for Kings 
Beach (including the three outliers in the right of the diagram) are taken from Figure 23. 
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Figure 25:  Ordination (DCCA) of phytoplankton species collected fortnightly for a year from 
six beaches near Port Elizabeth (excluding Kings Beach). The surf diatom domain is enclosed 
in the blue circle. The species in the red domain can be considered to comprise the typical 
sandy beach phytoplankton community. 
The remainder of the beaches (and sampling sessions) could not be separated and comprise 
a diverse, but typical (with low variability and few outliers) association of species. The 
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phytoplankton species composition of the beaches of western sector of Algoa Bay can 
therefore be considered to consist of the following species: 
 
Diatoms: Achnanthes longipes, Actinoptychus senarius, Asterionella formosa, Bacteriastrum 
sp., Bacteriastrum hyalinum, Biddulphia alternans, Biddulphia dubia, Biddulphia pulchella, 
Chaetoceros affinis, Chaetoceros debilis, Cocconeis sp., Coscinodiscus stellaris, Diplopsalis 
sp., an epizoid diatom colony, Eucampia zodiacus, Grammatophora sp., Grammatophora 
angulosa, Grammatophora marina, Hemialus sp., Leptocylindricus danicus, Licmophora 
ehrenbergii, Licmophora hyalina, Navicula delicatula, Navicula sp. 1, Navicula sp. 2, Navicula 
sp. 3, Navicula sp. 4, Nitzschia sp., Nitzschia closteridium, Nitzschia fruiticosa, Odontella 
aurita, Pinnularia ergudneis, Plagiogramma vanheurkii, Pleurosigma directum, Pseudoenotia 
doliolus, Pseudonitschia sp., Pseudonitschia seriata, Stephanopyxis turris, Striatella 
unipunctata, Synedra crystallina, Synedra sp., Thallasionema nitzscioides, Triceratium 
antediluvianum. 
 
Dinoflagellates: Ceratium sp., Ceratium breve, Ceratium furca, Ceratium gibberum, Ceratium 
pulchellum, Ceratium tripos, Dinophysis ovum, Dinophysis rotunda, Gonyaulax spinifera, 
Noctoluca milliaris, Phaeopolykrikos beauchampi, Prorocentrum compressum, Prorocentrum 
micans, Prorocentrum rostratum, Protoperidinium sp., Protoperidinium diabolum, 
Scrippsiella trochoidea. 
 
Sillicoflagellates: Dictyocha speculum. 
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4.3. The nutrient requirements of sandy beach diatoms and dinoflagellates. 
 
4.3.1. Growth Rates 
 
Growth rates of three dinoflagellates and two surf diatoms were determined at nutrient 
concentrations measured in surf-zones of Algoa Bay. The highest growth rate for single-
species cultures grown under phosphate concentrations representative of Algoa Bay surf-
zones was measured between 10 and 36 µM soluble reactive phosphorus (Figure 26). 
Scrippsiella trochoidea and Anaulus australis had the highest growth rates and 
Prorocentrum micans and Asterionellopsis glacialis the lowest.  Growth rates were never 
higher than 1.1 divisions per day. For A. australis, there was some growth (0.8 divisions per 
day) in the control (0 µM) phosphate concentration cultures. No growth occurred for 
Prorocentrum micans and Gonyaulax spinifera at phosphate concentrations below 1 µM. For 
Scrippsiella trochoidea, no growth occurred at phosphate concentrations below 2 µM 
Asterionellopsis glacialis was only able to grow at phosphate concentrations above 0.2 µM. 
 
The maximum growth rate for single-species cultures with different ammonium 
concentrations representative of Algoa Bay water quality was reached at a concentration of 
40 µM for most species (Figure 27). The highest growth rate for S. trochoidea was reached 
at an ammonium concentration of 1 µM.  Prorocentrum micans had the highest growth rate 
at 1.2 divisions per day and Scrippsiella trochoidea and Asterionellopsis glacialis the lowest. 
No growth occurred at concentrations less than 5 µM ammonium for Gonyaulax spinifera 
and 1 µM for Asterionellopsis Glacialis. Anaulus australis was able grow at a rate of 0.9 
divisions per day in the ammonium control culture (0 µM). 
 
The maximum nitrate concentrations for growth of all species except Gonyaulax spinifera 
(which reached maximum growth rate at 5 µM nitrate concentration) were above 40 µM 
nitrate (Figure 28). The optimal growth rates for Anaulus australis and Prorocentrum micans 
were higher at nitrate concentrations over 40 µM. Anaulus australis growth rates increased 
with increased nitrate concentration over the range tested with a maximum not determined 
under this range of concentrations. 
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Both Anaulus australis and Asterionellopsis glacialis reached their maximum growth rates 
(0.7 divisions/day) at silicate concentrations above 30 µM (Figure 29). No growth occurred 
for Anaulus australis and Asterionellopsis glacialis at silicate concentrations below 2 µM and 
1 µM respectively. 
 
 
Figure 26: Growth rate calculated for three dinoflagellates and two surf diatoms in single-
species cultures containing five soluble reactive phosphorus concentrations. 
 
 
Figure 27: Growth rate calculated for three dinoflagellates and two surf diatoms in single-
species cultures containing five different ammonium concentrations. 
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Figure 28: Growth rate calculated for three dinoflagellates and two surf diatoms, in single-
species cultures containing five different nitrate concentrations. 
 
Figure 29: Growth rate calculated for three dinoflagellates and two surf diatoms, in single-
species cultures containing five different silicate concentrations. 
 
Prorocentrum micans, when cultured in combination with Anaulus australis, had a lower 
growth rate (0.2 divisions per day at 10 µM phosphate) than when cultured on its own (0.9 
divisions per day at 36 µM phosphate (Figure 30). When in combination with Anaulus 
australis, no growth occurred at phosphate concentrations below 2 µM, but when cultured 
separately, growth started at 1 µM phosphate (Figure 30). 
 
Scrippsiella trochoidea had a higher growth rate when cultured as a single species (1 division 
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with Anaulus australis (0.6 divisions per day at 10 µM phosphate concentration) (Figure 31). 
For both single species Scrippsiella trochoidea cultures and those combined with Anaulus 
australis, growth occurred at phosphate concentrations above 2 µM (Figure 31). 
 
Gonyaulax spinifera achieved higher growth rates when cultured separately (0.9 divisions 
per day at 10 µM phosphate concentration) than when cultured together with Anaulus 
australis (0.8 divisions per day at 10 µM phosphate concentration) (Figure 32). For single-
species cultures, no growth occurred below a phosphate concentration of 1 µM, whereas 
for Gonyaulax spinifera cultured together with Anaulus australis, no growth occurred below 
2 µM phosphate concentrations (Figure 32). 
 
Asterionellopsis glacialis cultures had the same maximum growth rates at 36 µM phosphate 
concentrations (Figure 33) as that recorded when cultured in combination with Anaulus 
australis (0.7 divisions per day). There was no growth for Asterionellopsis glacialis cells at 
phosphate concentrations below 0.2 µM when grown on its own, but when grown in 
combination with Anaulus australis, no growth occurred below phosphate concentrations of 
1 µM (Figure 33). 
 
The maximum growth rate for Prorocentrum micans under different ammonium 
concentrations was higher when cultured as a single species (1.2 divisions per day at 40 µM 
ammonium concentration) than when cultured in combination with Anaulus australis (0.75 
divisions per day at 40 µM ammonium concentration) (Figure 34). 
 
Maximum growth rate for Scrippsiella trochoidea was reached at ammonium concentrations 
of 500 µM and above. For single-species Scrippsiella trochoidea cultures, the growth rate 
stayed just below 0.6 divisions per day for ammonium concentrations ranging between 10 
and 500 µM (Figure 35). For Scrippsiella trochoidea cultures grown in combination with 
Anaulus australis, maximum growth rate was at 1.4 divisions per day (Figure 35). 
 
For single-species Gonyaulax spinifera cultures, the maximum growth rate was reached at 
40 µM ammonium concentrations and no growth occurred below 5 µM ammonium (Figure 
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36). For Gonyaulax spinifera cultures combined with Anaulus australis, maximum growth 
occurred at 500 µM ammonium and no growth below 1 µM ammonium (Figure 36). 
 
Both single-species Asterionellopsis glacialis and A. glacialis combined with Anaulus 
australix cultures reached their maximum growth rates at ammonium concentrations of 500 
µM + (0.65 and 0.75 divisions per day respectively (Figure 37) and for both of these, no 
growth occurred below ammonium concentrations of 1 µM (Figure 37). 
 
Prorocentrum micans, when cultured in combination with Anaulus australis, had a maximum 
growth rate at a lower nitrate concentration (1.1 divisions per day at 40 µM nitrate 
concentration) than when cultured on its own (0.8 divisions per day at 880 µM nitrate) 
(Figure 38). 
 
Maximum growth rates for Scrippsiella trochoidea were recorded at 5 µM nitrate 
concentration when cultured as a single species (0.6 divisions per day) and when cultured in 
combination with Anaulus australis (1.8 divisions per day) (Figure 39). No growth occurred 
below 1 µM nitrate for Scrippsiella trochoidea when cultured on its own (Figure 39). 
 
Maximum growth for Gonyaulax spinifera occurred at 40 µM nitrate concentrations (Figure 
40). Gonyaulax spinifera combined in culture with Anaulus australis had a higher growth 
rate (1 division per day) than when grown on its own (0.65 divisions per day) (Figure 40). No 
growth occurred for G. spinifera below 5 µM nitrate concentrations in the combined 
cultures (Figure 40). 
 
Maximum growth rate for Asterionellopsis glacialis was reached at 40 µM nitrate 
concentrations. Asterionellopsis glacialis combined with Anaulus australis had a higher 
maximum growth rate (0.65 divisions per day) than when cultured on its own (0.5 divisions 
per day) (Figure 41). For A. glacialis cultured in combination with Anaulus australis, no 
growth occurred below 10 µM nitrate concentrations (Figure 41). 
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Figure 30: Growth rates of Prorocentrum micans in single culture, P. micans when combined 
in culture with Anaulus australis, and A. australis (combined with P. micans) in five different 
phosphate concentrations. 
 
 
Figure 31: Growth rates of Scrippsiella trochoidea in single culture, S. trochoidea when 
combined in culture with Anaulus australis, and A. australis (combined with S. trochoidea) in 
five different phosphate concentrations. 
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combination with Anaulus australis, and Anaulus australis grown on its own, no growth 
occurred below silicate concentrations of 2 µM. No growth occurred at silicate 
concentrations below 1 µM for single-species Asterionellopsis glacialis cultures and Anaulus 
australis cultured in combination with Asterionellopsis glacialis (Figure 42). 
 
 
Figure 32: Growth rates of Gonyaulax spinifera in single culture, G. spinifera when combined 
in culture with Anaulus australis, and A. australis (combined with G. spinifera) in five 
different phosphate concentrations.  
 
 
Figure 33: Growth rates of Asterionellopsis glacialis in single culture, A. glacialis when 
combined in culture with Anaulus australis, and A. australis (combined with A. glaciails) in 
five different phosphate concentrations. 
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Figure 34: Growth rates of Prorocentrum micans in single culture, P. micans when combined 
in culture with Anaulus australis, and A. australis (combined with P. micans) in five different 
ammonium concentrations.  
 
 
Figure 35: Growth rates of Scrippsiella trochoidea in single culture, S. trochoidea when 
combined in culture with Anaulus australis, and A. australis (combined with S. trochoidea) in 
five different ammonium concentrations. 
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Figure 36: Growth rates of Gonyaulax spinifera in single culture, G. spinifera when combined 
in culture with Anaulus australis, and A. australis (combined with G. spinifera) in five 
different ammonium concentrations. 
 
 
Figure 37: Growth rates of Asterionellopsis glacialis in single culture, A. glacialis when 
combined in culture with Anaulus australis, and A. australis (combined with A. glaciails) in 
five different ammonium concentrations. 
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Figure 38: Growth rates of Prorocentrum micans in single culture, P. micans when combined 
in culture with Anaulus australis, and A. australis (combined with P. micans) in five different 
nitrate concentrations. 
 
 
Figure 39: Growth rates of Scrippsiella trochoidea in single culture, S. trochoidea when 
combined in culture with Anaulus australis, and A. australis (combined with S. trochoidea) in 
five different nitrate concentrations. 
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Figure 40: Growth rates of Gonyaulax spinifera in single culture, G. spinifera when combined 
in culture with Anaulus australis, and A. australis (combined with G. spinifera) in five 
different nitrate concentrations. 
 
 
Figure 41: Growth rates of Asterionellopsis glacialis in single culture, A. glacialis when 
combined in culture with Anaulus australis, and A. australis (combined with A. glaciails) in 
five different nitrate concentrations. 
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Figure 42: Growth rates of Asterionellopsis glacialis in single culture, A. glacialis when 
combined in culture with Anaulus australis, A. australis in single culture and A. australis 
when combined with A. glacialis in five different silicate concentrations. 
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4.3.2. Uptake Rates 
 
Figure 43 shows the daily uptake rate of phosphate for the five different species cultured as 
single-species cultures. Scrippsiella trochoidea had the highest uptake rate for phosphate 
(mean = 0.075 µmol ± 0.03 S.E. per cell per day) and Asterionellopsis glacialis the lowest 
(0.011 µmol ± 0.002 S.E. per cell per day). 
 
Figure 44 shows the daily uptake rate of ammonium for the five different species cultured as 
single-species cultures. Scrippsiella trochoidea had the highest uptake rate for ammonium 
(mean = 0.60 µmol ± 0.34 S.E. per cell per day) and Anaulus australis the lowest (mean = 
0.10 µmol ± 0.02 S.E. per cell per day). 
 
Figure 45 shows the daily uptake rate of nitrate for the five different species cultured as 
single-species cultures. Gonyaulax spinifera had the highest uptake rate (mean = 0.77 µmol 
± 0.27 S.E.) and Asterionellopsis glacialis the lowest (mean = 0.25 µmol ± 0.08 S.E.). 
 
Figure 46 shows the daily uptake rate of silicate for the two diatom species cultured as 
single-species cultures. Asterionellopsis glacialis had a higher daily uptake rate per cell 
(mean = 0.06 µmol ± 0.02 S.E) than Anaulus australis (mean = 0.05 µmol ± 0.01 S.E.). 
 
 
Figure 43: Daily uptake rate of phosphate per cell in single species cultures (mean ± SE). 
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Figure 44: Daily uptake rate of ammonium per cell in single species cultures (mean ± SE). 
 
 
 
Figure 45: Daily uptake rate of nitrate per cell in single species cultures (mean ± SE). 
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Figure 46: Daily uptake rate of silicate per cell in single species cultures (mean ± SE). 
 
Figure 47 shows the daily uptake rates of phosphate for Anaulus australis together with that 
of each of the competitor species. Prorocentrum micans had the highest uptake rate per cell 
per day (mean = 0.05 µmol ± 0.01 S.E.) and Asterionellopsis glacialis the lowest (mean = 0.01 
µmol ± 0.003 S.E.). Anaulus australis had the highest uptake rate when cultured in 
combination with Gonyaulax spinifera (mean = 0.02 µmol ± 0.005 S.E.). 
 
Figure 48 shows the daily uptake rates of ammonium for Anaulus australis together with 
that of the competitor species it was cultured with. Scrippsiella trochoidea had the highest 
uptake rate per cell per day (mean = 0.64 µmol ± 0.34 S.E.) and Asterionellopsis glacialis the 
lowest (mean = 0.11 µmol ± 0.04 S.E.). 
 
Figure 49 shows the daily uptake rates of nitrate for Anaulus australis together with that of 
the competitor species it was cultured with. Gonyaulax spinifera had the highest uptake rate 
per cell per day (mean = 0.51 µmol ± 0.16 S.E.) and Scrippsiella trochoidea the lowest (mean 
= 0.28 µmol ± 0.13 S.E.). 
 
Figure 50 shows the daily uptake rates of silicate for Anaulus australis cultured together 
with Asterionellopsis glacialis. Anaulus australis had a higher uptake rate per cell per day 
(mean = 0.05 µmol ±0.01 S.E.) than Asterionellopsis glacialis (mean = 0.04 µmol ± 0.009 
S.E.). 
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Figure 47: Daily uptake rate of phosphate per cell in cultures combined with Anaulus 
australis (mean ± SE). 
 
 
 
 
Figure 48: Daily uptake rate of ammonium per cell in cultures combined with Anaulus 
australis (mean ± SE). 
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Figure 49: Daily uptake rate of nitrate per cell in cultures combined with Anaulus australis 
(mean ± SE). 
 
 
 
 
Figure 50: Daily uptake rate of silicate per cell in combined culture (mean ± SE). 
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4.3.3. Lowest concentration for uptake 
 
No significant differences were found between the concentrations of phosphate, 
ammonium, nitrate and silicate at which the species could take up each nutrient. This 
applied whether cultured as monospecific cultures or cultured in combination with a 
competitor species (Table 23). 
 
In the single-species cultures, Prorocentrum micans had the highest concentration below 
which it could not take up phosphate (mean = 1.19 µM ± 0.53 S.E.). Asterionellopsis glacialis 
the lowest concentration at which it could no longer take up phosphate (mean = 0.18 µM ± 
0.03 S.E.) (Figure 51). Scrippsiella trochoidea had the highest concentration below which it 
could not take up ammonium (mean = 15.07 µM ± 8.01 S.E.) and Asterionellopsis glacialis 
the lowest (mean = 4.68 µM ± 0.66 S.E.) (Figure 52). Anaulus australis had the highest 
concentration below which it could not take up nitrate (mean = 6.9 µM ± 1.91 S.E.) and 
Gonyaulax spinifera the lowest (mean = 4.45 µM ± 0.1 S.E.) (Figure 53). 
 
Asterionellopsis glacialis had a higher concentration below which it could not take up silicate 
(mean = 0.68 µM ± 0.18 S.E.) than Anaulus australis did (mean = 0.38 µM ± 0.04 S.E.) (Figure 
54). 
 
In the combined-species cultures, Prorocentrum micans had the concentration of 
phosphorus below which it could not take up the nutrient (mean = 1.32 µM ± 0.66 S.E) and 
A. australis the lowest (mean = 0.68 µM ± 0.24 S.E.) in terms of phosphate concentration 
(Figure 55). Prorocentrum micans also had the highest concentration below which it could 
not take up ammonium (mean = 7.96 µM ± 2.06 S.E) but in this case Scrippsiella trochoidea 
had the lowest concentration (mean = 4.18 µM ± 0.19 S.E.) (Figure 56). Prorocentrum 
micans had the highest concentration below which it could not take up nitrate (mean = 6.60 
µM ± 1.15 S.E.) with Anaulus australis having the lowest (mean = 4.65 µM ± 0.20 S.E.) 
(Figure 57). Although there was not a big difference between Anaulus australis and 
Asterionellopsis glacialis in the concentration below which the diatom could not take up 
silicate, Anaulus australis did have a slightly higher concentration (mean = 0.41 µM ± 0.14 
S.E.) compared to Asterionellopsis glacialis (mean = 0.40 µM ± 0.14 S.E.) (Figure 58). 
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Figure 51: The concentration below which phosphate uptake ceased for each single species 
culture (mean + S.E.). 
 
 
 
Figure 52: The concentration below which ammonium uptake ceased for each single species 
culture (mean + S.E.). 
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Figure 53: The concentration below which nitrate uptake ceased for each single species 
culture (mean + S.E.). 
 
 
 
Figure 54: The concentration below which silicate uptake ceased for each single species 
culture (mean + S.E.). 
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Figure 55: The concentration below which phosphate uptake ceased for each species grown 
in culture together with Anaulus australis (mean + S.E.). 
 
 
Figure 56: The concentration below which ammonium uptake ceased for each species grown 
in culture together with Anaulus australis (mean + S.E.). 
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Figure 57: The concentration below which nitrate uptake ceased for each species grown in 
culture together with Anaulus australis (mean + S.E.). 
 
 
Figure 58: The concentration below which nitrate uptake ceased for Asterionellopsis glacialis 
cultured together with Anaulus australis (mean + S.E.). 
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Table 23: Mean concentration below which uptake of nutrients ceased for surf diatoms and 
surf-zone dinoflagellates in single culture and when cultured in combination with Anaulus 
australis. The significance of differences between single and combination cultures are also 
given (t-test). 
 Mean t-value df p 
PHOSPHATE 
Prorocentrum micans 1.192 
-0.150 8 0.884 
Prorocentrum micans with Anaulus australis 1.320 
Scrippsiella trochoidea 0.951 
0.030 6 0.976 
Scrippsiella trochoidea with Anaulus australis 0.932 
Gonyaulax spinifera 0.877 
-0.526 7 0.614 
Gonyaulax spinifera with Anaulus australis 1.249 
Asterionellopsis glacialis 0.188 
-0.355 3 0.746 
Asterionellopsis glacialis with Anaulus australis 0.216 
Anaulus australis 0.715 
0.819 7 0.439 
Anaulus australis with Prorocentrum micans 0.428 
Anaulus australis 0.715 
1.199 5 0.284045 
Anaulus australis with Scrisiella trochoidea 0.236 
Anaulus australis 0.715 
-0.230 8 0.823387 
Anaulus australis with Gonyaulax spinifera 0.798 
Anaulus australis 0.715 
0.116 8 0.910511 
Anaulus australis with Asterionellopsis glacialis 0.676 
AMMONIUM 
Prorocentrum micans 10.324 
0.649 7 0.536 
Prorocentrum micans with Anaulus australis 7.956 
Scrippsiella trochoidea 15.076 
0.812 5 0.453 
Scrippsiella trochoidea with Anaulus australis 4.181 
Gonyaulax spinifera 10.914 
1.349 6 0.225 
Gonyaulax spinifera with Anaulus australis 5.744 
Asterionellopsis glacialis 4.686 
-0.674 3 0.548 
Asterionellopsis glacialis with Anaulus australis 6.500 
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Anaulus australis 9.818 
0.739 7 0.483 
Anaulus australis with Prorocentrum micans 6.973 
Anaulus australis 9.818 
0.733 7 0.487 
Anaulus australis with Scrisiella trochoidea 6.967 
Anaulus australis 9.818 
0.674 6 0.524 
Anaulus australis with Gonyaulax spinifera 6.776 
Anaulus australis 9.818 
1.064 7 0.322 
Anaulus australis with Asterionellopsis glacialis 5.960 
NITRATE 
Prorocentrum micans 6.131 
-0.356 6 0.733 
Prorocentrum micans with Anaulus australis 6.603 
Scrippsiella trochoidea 5.990 
-0.748 7 0.478 
Scrippsiella trochoidea with Anaulus australis 6.904 
Gonyaulax spinifera 4.459 
-1.489 5 0.196 
Gonyaulax spinifera with Anaulus australis 5.597 
Asterionellopsis glacialis 6.901 
0.086 9 0.933 
Asterionellopsis glacialis with Anaulus australis 6.706 
Anaulus australis 6.901 
0.376 8 0.716 
Anaulus australis with Prorocentrum micans 5.969 
Anaulus australis 6.901 
-0.065 9 0.948 
Anaulus australis with Scrisiella trochoidea 7.056 
Anaulus australis 6.901 
1.057 9 0.317 
Anaulus australis with Gonyaulax spinifera 4.655 
SILICATE 
Asterionellopsis glacialis 0.687 
1.240 8 0.249 
Asterionellopsis glacialis with Anaulus australis 0.400 
Anaulus australis 0.387 
-0.178 8 0.863 
Anaulus australis with Asterionellopsis glacialis 0.411 
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5. Discussion 
 
Anthropogenic pollution of coastal waters and the input of nutrients has increased 
dramatically over the last few years, causing the concentrations of, and ratios between 
nutrients to change (Jickells, 1998; Clark, 2005; Yani, 2009). These nutrients come from 
agriculture, industry, wastewater treatment plants and septic tank systems (Clark, 2005; Glé 
et al., 2007; Yani, 2009). 
 
The highest nutrient concentrations of all the beaches studied were recorded at Brighton 
beach. This could be attributed to outflows from the Papenkuils and New Brighton canals 
(Campbell and Schumann, 1999). This was the only beach where ammonium concentrations 
were higher than that of nitrate. Yani (2009) found that Brighton Beach (followed by St. 
Georges Strand) were the most polluted beaches in the Nelson Mandela Bay Municipality as 
indicated by high Escherichia coli and total coliform cells recorded in the surf-zones. She also 
found ammonium to be present in higher quantities than nitrate at several non-polluted 
sandy beaches around Port Elizabeth, including Cape Recife, Pollock beach, King’s beach, 
Bluewater Bay and St. George’s strand (Yani, 2009). 
 
Phosphate was the most variable nutrient and silicate the least variable at the beaches 
sampled in this study. The maximum phosphate concentration for South African coastal 
water as set out by DWAF (1995) should not exceed 0.7 µM. European standards are 
between 0.5 and 1.56 µM (Laane, 2005). In this study, although the mean phosphate 
concentration was 2.29 µM, a maximum concentration of 12.23 µM was regularly recorded 
at Brighton beach. The mean concentration recorded at all beaches was much higher than 
the recommended concentrations for both South African coastal waters and European 
waters.  
 
Nitrate concentration was always higher at Maitlands as is the case for unpolluted natural 
waters (Boney, 1989). Maitland beach does not form part of Algoa Bay, thus it is not 
subjected to the anthropogenic pollution that other beaches in the Bay are subjected to, it 
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can be regarded as a pristine beach (Yani, 2009). The highest recorded nitrate concentration 
in this study was 23.5 µM at Brighton beach. The mean concentration for all beaches was 
11.77 µM. This was higher than the target values set out by DWAF (1995) for nitrate 
concentrations in South African coastal waters which is between 0.02 and 10.2 µM. 
European targets for nitrate concentration are set slightly higher at 10 – 25 µM (Laane, 
2005). 
The ammonium concentrations had the highest variability at Bluewater Bay beach 
compared to all other beaches sampled. They reached a peak in autumn (25 µM), which 
could be attributed to increased anthropogenic activity around the Swartkops river mouth, 
which is situated in close proximity to the sampling site. The target value set by DWAF 
(1995) for South African coastal waters is 33 µM for ammonium concentration while for 
European waters it is between 0.5 and 23.2 µM (Laane, 2005).  
 
Silicate concentrations were lower than the other beaches throughout the year at 
Maitlands. This was associated with a high percentage of diatoms and high phytoplankton 
biomass. This is typical of surf diatom-dominated beaches (Campbell, 1987; Campbell, 1996; 
Campbell and Bate, 1997) and is supported by Anaulus australis being the dominant species 
at Maitlands.  
 
All trophic components of the marine ecosystem exhibit annual variations and long-term 
changes (Cushing, 1978; 1982). Johnstone et al. (1928) first documented long-term 
variability in plankton in the North Sea. These studies revealed that phytoplankton 
composition varies with hydrographic and climatological changes. Variability is also 
influenced by in situ chemical and biological changes and processes. Other than at Kings 
Beach (the artificial beach) and New Brighton (the polluted beach) there was little variability 
in nutrients at the beaches. 
 
Of the 102 phytoplankton species recorded, diatoms dominated over dinoflagellates at all 
the beaches. They made up the bulk of the phytoplankton community at all the beaches and 
as diatom percentage composition increased, species richness decreased. However, Clark 
(2005) found that dinoflagellates dominated the species composition at Kings Beach. This is 
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not surprising as she sampled once at King’s beach and this study shows that the 
composition at King’s beach is very variable. 
 
At Sunday’s River beach, Anaulus australis and Asterionellopsis glacialis were found to 
coexist, but A. australis is by far the most dominant (Campbell, 1987). Other phytoplankton 
species that can dominate surf-zones are Gonyaulax spp. and Noctiluca spp. (Grindley and 
Taylor, 1968).  
 
A negative correlation was observed between biomass and ammonium concentrations at all 
beaches due to the utilization of ammonium by phytoplankton as their primary source of 
nitrogen. It is believed that the rate of nitrate uptake by phytoplankton is inhibited by the 
presence of ammonium, which can be interpreted as a preference for ammonium by 
phytoplankton (Eppley and Peterson, 1979). Wheeler and Kokkinskis (1990) found a strong 
negative correlation between percentage inhibition of nitrate uptake and chlorophyll a 
concentration in oceanic waters, suggesting that when biomass is relatively high, 
ammonium concentrations and inhibitions of nitrate uptake are low. They also suggested 
that increased ammonium availability is one factor that limits nitrate depletion (Wheeler & 
Kokkinskis, 1990). 
 
Growth rates of cultured phytoplankton species were never found to be higher than 1.1 
divisions per day. This is lower than what was reported by Furnas (1990), who stated that 
maximum in situ doubling rates of between 2 and 4 d-1 have been measured for diatoms and 
maximum growth rates for all other taxa in phytoplankton assemblages are generally below 
2.5 d-1. The cultures in this study were not aerated and this probably resulted in the lower 
growth rates in vivo. 
 
Phytoplankton require a 16:1 ratio of nitrogen to phosphate for growth (Clark, 2005). 
Additional nitrogen will go unused, whilst additional phosphate will cause an increase in 
primary productivity (Clark, 2005). In the phosphate enriched culture experiments, 
Scrippsiella trochoidea and Anaulus australis had the highest growth rates of all species 
cultured and Prorocentrum micans and Asterionellopsis glacialis the lowest. S. trochoidea 
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required a minimum phosphate concentration of 2 µM for growth. Gonyaulax spinifera and 
Prorocentrum micans, when cultured as single species, only grew at concentrations above 1 
µM, but when combined in culture with Anaulus australis, this increased to 2 µM. This 
indicates that A. australis would become dominant over G. spinifera when phosphate 
concentrations fall below 2 µM. A. australis was able to grow in the phosphate control 
culture. This may be due to the fact that some diatoms are able to store large amounts of 
phosphate for utilization at a later stage when phosphate becomes limiting (Liss and Langen, 
1962) also contributing to a possible competitive advantage over dinoflagellates with 
respect to phosphate requirements. 
 
Growth rate for both diatoms and dinoflagellates will increase with an increase in 
ammonium concentration, as revealed by the culture experiments. The growth rate of 
Prorocentrum micans was lower when combined in culture with Anaulus australis, than 
when cultured as a single species. This indicates that A. australis might be able to better 
utilize ammonium for growth than P. micans, therefore outcompeting P. micans in surf-
zones. A. australis divided 0.9 times a day in the control culture with no added ammonium 
indicating that it can survive and grow in the absence of ammonium but with nitrate as a 
source of nitrogen. Uptake rates of ammonium per cell per day for these two species were 
very similar, with 0.10 µmol per cell per day for A. australis and 0.13 µmol per cell per day P. 
micans indicating that there will be no competition with respect to uptake rates of 
ammonium between these two species. 
 
The most common nutrient to limit phytoplankton growth in most marine ecosystems is 
nitrate (Vitousek and Howarth, 1991; Eppley and Peterson, 1979). Du Preez (1996) recorded 
higher nitrate concentrations at Sundays River beach inside the Anaulus australis patches 
than outside them, and concluded that high nitrate concentrations did not influence 
ammonium uptake and vice versa. Scrippsiella trochoidea and Gonyaulax spinifera achieved 
higher growth rates in the experimental nitrate cultures when cultured together with A. 
australis than when cultured as single species. Their nitrate uptake rates per cell were twice 
and three times that of A. australis cells. G. spinifera could also achieve a high growth rate 
at lower concentrations compared to the other species. Therfore, G. spinifera could 
outcompete A. australis in surf-zone systems should nitrate become limiting. For 
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Asterionellopsis glacialis, no growth occurred at nitrate concentrations below 10 µM, 
indicating that they are poor competitors for nitrate.  
 
Anaulus australis and Asterionellopsis glacialis growth occurred between silicate 
concentrations of 2 – 30 µM and their uptake rates per cell per day did not differ.  
 
The occurrence of dinoflagellates in coastal waters is often associated with nutrient 
enrichment, especially nitrate and phosphate (Billen et al., 1999). However, Clark (2005) 
found that dinoflagellates such as Prorocentrum micans occurred in high abundance under 
low phosphate and nitrate conditions, Gonyualax spinifera occurred in waters with low 
ammonium and phosphate concentrations and Scrippsiella trochoidea occurred in low 
ammonium, nitrate and phosphate conditions.  
 
Uptake rates per cell of all the nutrients tested was always higher for the dinoflagellate 
species, except in the case of Prorocentrum micans, where Anaulus australis had higher 
uptake rates of nitrate which indicates tha A. australis could outcompete P. micans in 
systems where nitrate becomes limiting due to their increased uptake rates. Thus, it can be 
said that the dominance of surf diatoms, specifically A. australis, over dinoflagellates is not 
due to nutrients, but to other features of the surf-zone where they occur. 
 
No significant differences were found in the uptake rates if species were cultured on their 
own or combined with another species, indicating that diatoms do not take up nutrients any 
faster than dinoflagellates (and vice versa) when occurring together.  
 
According to Smayda (1998), although phytoplankton variability is easily detectable, 
responses induced by natural climatic, hydrographic, and habitat changes are difficult to 
distinguish from anthropogenic effects. This constitutes a possible research gap which 
should be investigated in future. 
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Appendix 1: All environmental variables and phytoplankton data recorded at each beach (weather data obtained from WeatherSA, 
recorded from a permanent weather station opposite Humewood Golf Club). 
 
MAITLANDS 
Date 
Ammoni
a 
Nitrate 
Phosphat
e 
Silicate 
Chlorophyll 
a 
% 
diatoms 
Species richness 
(number species 
per sample) 
Wind speed (KM/H) 
Wind 
direction 
Water temperature 
4/24/07  57.6 222 16.1 
5/3/07  4.410 36 6 46.44 242 16.8 
5/15/07 6.539 3.687 1.982 0.095 336.048 100 2 85.32 248 18 
5/24/07 13.829 9.218 1.085 0.776 5.061 95 5 59.4 251 16.5 
6/5/07  7.894 0.857 0.649 29.363 97 6 33.48 55 17.1 
6/19/07 6.237 7.385 0.624 0.600 26.995 100 3 46.44 61 16.7 
7/3/07 5.576 7.750 0.576 0.588 12.520  24.12 49 17.5 
7/18/07 4.645 10.205 0.869 0.688 9.501 94 3 27.72 210 17.6 
8/4/07  11.692  73.44 248 17.4 
8/16/07 3.35 6.008 0.707 0.504 19.358 97 4 54.36 253 16.6 
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9/4/07 2.726 6.435 0.647 0.582 21.164 92 6 45.72 202 17.4 
9/17/07 1.741 6.090 0.565 0.678 12.787  9 29.88 147 19 
10/4/07 1.356 6.237 0.644 0.601 18.381 97 11 60.12 254 19.1 
10/23/0
7 
2.237 7.235 0.735 0.703 15.155 88 9 92.52 252 17.3 
11/6/07 5.387 6.283 0.703 0.675 27.084 100 19 73.44 248 19.8 
11/21/0
7 
4.237 6.128 0.847 0.456 18.500 97 15 52.56 60 19.2 
12/6/07 4.238 7.238 0.838 0.567 20.749 68 13 39.24 85 19.2 
12/18/0
7 
6.237 7.237 0.948 0.684 18.115 94 22 38.88 136 21 
1/7/08 6.128 9.382 2.002 0.563 23.532 91 9 82.08 244 19.5 
1/21/08 5.237 7.237 1.974 0.726 22.052 90 19 44.28 89 20.7 
2/4/08 5.237 7.273 1.686 0.572 29.540 100 18 34.2 182 18.5 
2/19/08 4.238 8.234 0.943 0.674 27.646 100  39.24 250 19.3 
3/5/08 4.572 7.238 0.847 0.499 37.118 100 2 47.52 91 19.8 
The influence of nutrients on surf-zone phytoplankton dynamics 
 
 
110 
 
3/18/08 5.238 8.154 0.648 0.582 63.492 100 2 44.64 87 20.1 
4/2/08 6.012 8.237 0.684 0.792 17.286 65 8 72.72 72 20.5 
4/15/08 5.385 9.237 0.747 0.673 16.931 83 10 81.36 239 19.5 
 
CAPE RECIFE 
Date Ammonia Nitrate Phosphate Silicate Chlorophyll a % diatoms 
Species richness 
(number species per 
sample) 
Wind speed (KM/H) Wind direction 
Water 
temperature 
4/24/07 12.335 18.388 1.065 0.678 5.357 99 9 57.6 222 16.1 
5/3/07  3.996 0  46.44 242 16.8 
5/15/07 4.718 7.583 1.825 0.594 3.936 99 9 85.32 248 18 
5/24/07 11.800 11.655 1.0786 0.735 3.344 97 7 59.4 251 16.5 
6/5/07  11.164 1.066 0.657 6.245 101 11 33.48 55 17.1 
6/19/07 10.238 14.832 0.983 0.673 6.334 100 7 46.44 61 16.7 
7/3/07 9.173 16.147 0.721 0.554 3.640 100 6 24.12 49 17.5 
7/18/07 6.766 11.14 0.764 0.562 6.837 100 7 27.72 210 17.6 
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8/4/07 1.418 6.4794 0.656 0.417 4.232  73.44 248 17.4 
8/16/07 1.456 4.817 0.589 0.363 4.854 100 7 54.36 253 16.6 
9/4/07 1.287 4.357 0.694 0.438 4.558 99 9 45.72 202 17.4 
9/17/07 1.555 6.919 0.857 0.592 3.670 98 6 29.88 147 19 
10/4/07 2.385 7.237 0.746 0.582 6.837 97 13 60.12 254 19.1 
10/23/07 2.395 7.235 0.846 0.990 5.150 98 6 92.52 252 17.3 
11/6/07 6.237 7.182 0.813 0.837 6.393 96 17 73.44 248 19.8 
11/21/07 5.237 6.128 0.874 0.427 5.446 96 16 52.56 60 19.2 
12/6/07 8.237 9.374 0.835 0.612 4.380 55 18 39.24 85 19.2 
12/18/07 6.656 7.238 1.834 0.647 8.732 51 14 38.88 136 21 
1/7/08 7.823 9.172 1.836 0.484 4.824 99 19 82.08 244 19.5 
1/21/08 6.237 7.126 1.283 0.773 5.416 72 19 44.28 89 20.7 
2/4/08 4.128 8.235 1.463 0.616 7.429 78 17 34.2 182 18.5 
2/19/08 8.237 6.283 0.823 0.735 5.209 73 19 39.24 250 19.3 
3/5/08 7.237 8.238 0.745 0.567 5.476 95 6 47.52 91 19.8 
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3/18/08 6.237 8.238 0.716 0.637 6.482 92 8 44.64 87 20.1 
4/2/08 9.128 8.237 0.727 0.674 4.706 92 10 72.72 72 20.5 
4/15/08 8.156 7.237 0.925 0.836 5.860 99 8 81.36 239 19.5 
 
POLLOCK BEACH 
Date 
Ammoni
a 
Nitrate Phosphate Silicate 
Chlorophyll 
a 
% 
diatoms 
Species richness 
(number species 
per sample) 
Wind speed 
(KM/H) 
Wind direction 
Water 
temperature 
4/24/07 20.770 5.073 0.563 0.674 4.292 91 10 57.6 222 16.1 
5/3/07  6.068 97 9 46.44 242 16.8 
5/15/07 15.747 6.479 1.659 0.686 3.670 96 9 85.32 248 18 
5/24/07 9.983 13.688 1.382 0.835 3.670 98 6 59.4 251 16.5 
6/5/07  7.010 0.953 0.789 5.505 97 6 33.48 55 17.1 
6/19/07 7.823 10.127 0.846 0.737 6.393 87 14 46.44 61 16.7 
7/3/07 5.271 14.867 0.788 0.635 5.505 62 11 24.12 49 17.5 
7/18/07 4.532 9.588 0.771 0.455 5.150 100 4 27.72 210 17.6 
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8/4/07 0.823 5.187 0.497 0.439 3.907 92 9 73.44 248 17.4 
8/16/07 1.770 5.487 0.721 0.525 5.180 94 9 54.36 253 16.6 
9/4/07 0.985 4.237 0.735 0.492 5.505 89 10 45.72 202 17.4 
9/17/07 1.757 6.651 0.823 0.612 8.436 86 12 29.88 147 19 
10/4/07 1.847 5.327 0.678 0.615 7.784 80 13 60.12 254 19.1 
10/23/0
7 
1.387 6.283 0.625 0.965 8.406 86 12 92.52 252 17.3 
11/6/07 5.283 7.237 0.471 0.936 4.824 81 15 73.44 248 19.8 
11/21/0
7 
6.276 5.273 0.582 0.573 5.180 81 16 52.56 60 19.2 
12/6/07 9.727 9.376 0.638 0.727 5.180 45 17 39.24 85 19.2 
12/18/0
7 
9.327 7.237 0.736 0.713 5.476 21 18 38.88 136 21 
1/7/08 7.237 10.735 0.946 0.673 5.180 37 11 82.08 244 19.5 
1/21/08 8.237 11.127 0.912 0.723 7.814 51 16 44.28 89 20.7 
2/4/08 8.238 8.127 0.746 0.837 7.311 90 12 34.2 182 18.5 
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2/19/08 7.215 6.172 0.723 0.863 5.180 85 17 39.24 250 19.3 
3/5/08 4.273 7.127 0.674 0.723 5.742 95 9 47.52 91 19.8 
3/18/08 6.237 5.172 0.673 0.737 5.180 90 11 44.64 87 20.1 
4/2/08 7.237 6.176 0.587 0.738 5.712 96 12 72.72 72 20.5 
4/15/08 5.283 7.176 0.563 0.938 4.795 94 9 81.36 239 19.5 
 
 
KING’S BEACH 
Date Ammonia Nitrate Phosphate Silicate Chlorophyll a % diatoms 
Species richness 
(number species per 
sample) 
Wind speed 
(KM/H) 
Wind 
direction 
Water 
temperature 
4/24/07 17.156 6.091 0.615 0.838 4.943 87 3 57.6 222 16.1 
5/3/07  13.349 30 3 46.44 242 16.8 
5/15/07 7.283 5.979 1.482 0.887 2.960 71 7 85.32 248 18 
5/24/07 12.092 12.786 1.367 1.042 3.492 94 7 59.4 251 16.5 
6/5/07  6.433 2.569 0.936 6.423 81 13 33.48 55 17.1 
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6/19/07 12.127 14.836 2.032 0.936 6.364 56 14 46.44 61 16.7 
7/3/07 10.473 16.794 0.900 0.713 9.235 39 6 24.12 49 17.5 
7/18/07 3.627 15.269 0.946 0.763 10.715 100 1 27.72 210 17.6 
8/4/07 1.126 5.242 0.529 0.531 12.550 88 9 73.44 248 17.4 
8/16/07 4.976 6.768 0.747 0.520 7.636 95 11 54.36 253 16.6 
9/4/07 2.214 6.723 0.937 0.674 9.708 96 15 45.72 202 17.4 
9/17/07 3.072 7.626 1.077 0.836 4.232 92 11 29.88 147 19 
10/4/07 2.376 6.763 0.926 0.826 4.528 94 12 60.12 254 19.1 
10/23/07 3.126 7.237 0.675 0.934 9.620 92 11 92.52 252 17.3 
11/6/07 3.238 9.283 0.627 1.038 7.548 91 14 73.44 248 19.8 
11/21/07 5.128 6.273 0.734 0.738 7.814 93 18 52.56 60 19.2 
12/6/07 4.123 9.273 0.623 1.023 12.224 27 18 39.24 85 19.2 
12/18/07 1.238 8.237 0.846 0.938 12.224 34 18 38.88 136 21 
1/7/08 7.237 10.746 0.954 0.837 7.281 10 8 82.08 244 19.5 
1/21/08 6.237 10.873 0.923 0.936 10.419 48 18 44.28 89 20.7 
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2/4/08 6.376 8.127 0.834 0.837 7.518 70 10 34.2 182 18.5 
2/19/08 6.237 7.763 0.747 0.837 10.419 69 11 39.24 250 19.3 
3/5/08 4.123 8.723 0.836 0.837 6.038 85 8 47.52 91 19.8 
3/18/08 5.127 6.773 0.872 0.783 10.241 90 10 44.64 87 20.1 
4/2/08 6.123 7.732 0.723 0.915 12.254 73 5 72.72 72 20.5 
4/15/08 5.127 8.732 0.672 0.891 9.294 77 6 81.36 239 19.5 
 
BRIGHTON BEACH 
Date Ammonia Nitrate Phosphate Silicate Chlorophyll a % diatoms 
Species richness 
(number species 
per sample) 
Wind speed 
(KM/H) 
Wind 
direction 
Water 
temperature 
4/24/07 19.4797 16.547 3.678 0.848 14.770 63 14 57.6 222 16.1 
5/3/07  6.630 79 7 46.44 242 16.8 
5/15/07 5.383 7.308 1.348 0.779 4.499 92 7 85.32 248 18 
5/24/07 31.845 8.617 1.972 1.419 5.180 0  59.4 251 16.5 
6/5/07  6.910 1.283 0.965 5.357 90 7 33.48 55 17.1 
6/19/07 30.237 18.273 1.227 1.193 4.499 93 12 46.44 61 16.7 
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7/3/07 25.10 23.553 1.701 1.059 7.133  24.12 49 17.5 
7/18/07 5.740 19.725 1.506 0.789 7.459 97 5 27.72 210 17.6 
8/4/07 7.407 8.232 1.358 0.687 7.814 100 5 73.44 248 17.4 
8/16/07 11.040 8.707 1.445 0.690 7.488 100 6 54.36 253 16.6 
9/4/07 11.23 9.764 1.478 0.783 4.647 89 12 45.72 202 17.4 
9/17/07 7.151 10.853 2.292 0.956 10.744 85 5 29.88 147 19 
10/4/07 10.237 9.832 1.846 1.294 7.577 92 10 60.12 254 19.1 
10/23/07 13.736 11.847 2.017 1.0515 9.324 85 5 92.52 252 17.3 
11/6/07 12.847 12.847 1.204 1.172 7.932 75 8 73.44 248 19.8 
11/21/07 9.127 7.736 1.673 0.982 8.436 94 18 52.56 60 19.2 
12/6/07 10.273 12.345 1.378 1.393 4.884 50 16 39.24 85 19.2 
12/18/07 15.137 9.375 2.102 1.203 9.590 44 18 38.88 136 21 
1/7/08 23.238 11.736 3.235 1.0126 7.636 62 7 82.08 244 19.5 
1/21/08 19.237 12.237 3.162 1.0186 7.370 59 18 44.28 89 20.7 
2/4/08 20.237 10.237 2.109 0.928 7.696 87 16 34.2 182 18.5 
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2/19/08 14.736 9.237 1.274 0.987 8.465 97 10 39.24 250 19.3 
3/5/08 6.736 12.376 2.128 1.018 4.588 88 14 47.52 91 19.8 
3/18/08 9.126 13.235 1.735 0.937 10.448 84 10 44.64 87 20.1 
4/2/08 17.376 12.375 1.973 1.394 11.336 61 14 72.72 72 20.5 
4/15/08 10.385 12.237 1.723 1.104 9.945 64 13 81.36 239 19.5 
 
BLUEWATER BAY 
Date Ammonia Nitrate Phosphate Silicate Chlorophyll a % diatoms 
Species richness 
(number species 
per sample) 
Wind speed 
(KM/H) 
Wind direction 
Water 
temperature 
4/24/07 6.377 6.283 0.736 0.674 5.061 94 11 57.6 222 16.1 
5/3/07  19.68 3 2 46.44 242 16.8 
5/15/07 3.643 4.787 0.693 0.576 13.349 79 12 85.32 248 18 
5/24/07 24.785 6.781 1.4 1.175 100.6992 95 5 59.4 251 16.5 
6/5/07  7.867 1.046 0.782 7.400 88 8 33.48 55 17.1 
6/19/07 20.287 10.836 0.837 0.837 7.252 92 9 46.44 61 16.7 
7/3/07 6.767 15.044 0.894 0.672 13.971 96 8 24.12 49 17.5 
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7/18/07 4.372 14.058 1.103 0.798 15.510 25 11 27.72 210 17.6 
8/4/07 0.969 3.963 0.519 0.561 7.636 100 2 73.44 248 17.4 
8/16/07 9.693 7.536 0.786 0.641 20.216 78 7 54.36 253 16.6 
9/4/07 8.287 8.386 0.964 0.673 10.567 93 7 45.72 202 17.4 
9/17/07 4.634 9.126 2.176 0.837 12.550 97 4 29.88 147 19 
10/4/07 1.238 8.382 1.835 0.973 8.140 96 6 60.12 254 19.1 
10/23/07 4.127 7.237 0.674 1.025 4.676 97 4 92.52 252 17.3 
11/6/07 2.128 10.237 0.873 1.019 7.636 94 4 73.44 248 19.8 
11/21/07 7.237 10.376 0.923 0.837 12.668 84 8 52.56 60 19.2 
12/6/07 5.376 6.2837 0.836 0.983 10.596 71 23 39.24 85 19.2 
12/18/07 8.127 8.238 1.137 1.048 15.747 52 21 38.88 136 21 
1/7/08 13.238 12.837 1.013 0.738 7.636 3 5 82.08 244 19.5 
1/21/08 11.831 10.375 0.892 0.837 18.766 21 11 44.28 89 20.7 
2/4/08 10.018 10.237 0.837 0.838 9.679 61 11 34.2 182 18.5 
2/19/08 6.317 7.137 0.782 0.837 5.505 59 19 39.24 250 19.3 
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3/5/08 9.126 8.127 0.672 0.684 11.425 95 6 47.52 91 19.8 
3/18/08 3.235 8.176 0.738 0.783 15.924 83 8 44.64 87 20.1 
4/2/08 6.237 6.125 0.598 0.872 11.425 88 14 72.72 72 20.5 
4/15/08 4.237 8.186 0.689 0.823 15.658 82 15 81.36 239 19.5 
 
ST. GEORGE’S STRAND 
Date Ammonia Nitrate Phosphate Silicate Chlorophyll a % diatoms 
Species richness 
(number species 
per sample) 
Wind speed 
(KM/H) 
Wind direction 
Water 
temperature 
4/24/07 5.689 7.803 0.783 0.784 5.979 68 11 57.6 222 16.1 
5/3/07  8.672 19 3 46.44 242 16.8 
5/15/07 4.170 6.837 0.928 0.646 11.307 74 10 85.32 248 18 
5/24/07 5.577 7.021 1.620 1.128 8.880 81 6 59.4 251 16.5 
6/5/07  7.947 1.166 0.837 6.512 57 12 33.48 55 17.1 
6/19/07 4.238  0.829 0.823 6.334 63 15 46.44 61 16.7 
7/3/07 3.482 14.549 0.809 0.666 8.465 98 5 24.12 49 17.5 
7/18/07 3.784 16.784 0.917 0.628 8.436 15 2 27.72 210 17.6 
The influence of nutrients on surf-zone phytoplankton dynamics 
 
 
121 
 
8/4/07 0.910 5.063 1.027 0.693 11.307 0 6 73.44 248 17.4 
8/16/07 5.536 7.134 0.808 0.585 9.590 0 4 54.36 253 16.6 
9/4/07 3.238 9.013 0.983 0.735 8.436 50 7 45.72 202 17.4 
9/17/07 4.011 12.606 1.570 0.837 11.603 96 7 29.88 147 19 
10/4/07 4.127 7.328 0.823 0.874 8.436 96 2 60.12 254 19.1 
10/23/07 1.237 10.235 0.673 0.905 8.436 96 3 92.52 252 17.3 
11/6/07 2.325 8.276 0.823 0.884 7.370 96 8 73.44 248 19.8 
11/21/07 2.238 7.127 0.723 0.747 9.264 97 8 52.56 60 19.2 
12/6/07 2.238 8.127 0.538 0.678 8.436 51 9 39.24 85 19.2 
12/18/07 1.237 7.127 0.723 0.892 5.742 44 4 38.88 136 21 
1/7/08 4.283 10.237 1.292 0.784 7.281 8 6 82.08 244 19.5 
1/21/08 4.238 9.238 0.983 0.694 9.531 18 2 44.28 89 20.7 
2/4/08 2.387 9.273 0.637 0.784 8.436 71 4 34.2 182 18.5 
2/19/08 1.238 6.127 0.723 0.784 11.396 65 17 39.24 250 19.3 
3/5/08 1.487 7.165 0.674 0.694 11.632 63 7 47.52 91 19.8 
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3/18/08 3.138 7.176 0.638 0.846 9.294 56 11 44.64 87 20.1 
4/2/08 2.238 7.126 0.873 0.799 11.721 77 12 72.72 72 20.5 
4/15/08 1.438 7.127 0.732 0.894 11.869 65 13 81.36 239 19.5 
 
